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Summary
Cleanable surface filters are used for removing dust particles from gases in a wide 
range of chemical and process industries. Stimulated by the development of 
advanced power plant technologies, rigid ceramic filter media for high temperature 
applications have become available in recent years. The important issues to be 
addressed in specification and operation of ceramic filters at high temperatures are 
the long term conditioning behaviour and the filter "cleanability". These two 
aspects of filtration behaviour are inextricably linked and, at the present state of 
knowledge, very much system-specific, so that experimental work using the dust 
of interest is essential.
This work is concerned with characterising regeneration of a rigid ceramic filter 
medium using a coupon test method designed to measure both conditioning and 
cake removal behaviour at ambient conditions. Coupon filter tests have been 
performed in which a low-density fibrous ceramic medium has been used to filter 
calcium carbonate dusts, and the conditioning behaviour and cake removal stress 
distributions have been measured over a range of particle size and "cake loadings", 
the cake mass per unit area of filtration medium. For reverse flow cleaning, the 
cake removal stress decreases strongly as the cake areal mass increases to 
medium-sized cake loadings (appr. 500 g/m^), and less strongly thereafter. Cake 
removal stresses were also measured using centrifugal acceleration; the results are 
consistently lower than those for the reverse flow test and nearly independent of 
cake loading. If the cake detachment stress under reverse flow conditions is taken 
at the first point of significant cake removal, (the "burst pressure"), the resulting 
values are in good agreement with median detachment stresses obtained by 
acceleration. It is likely that cake removal by reverse flow is influenced by 
"hinging" of cake patches, which remain loosely attached to the surface after their 
apparent detachment stress has been overcome. While the acceleration and burst 
pressure tests may give a truer representation of the intrinsic cake adhesion to the 
filter, the reverse flow test remains the most appropriate for estimation of the 
cleaning flow requirement.
At cleaning pressures which are typical of industrial practice, cake detachment 
occurs by patch separation. A fracture mechanics interpretation of this 
phenomenon is advanced, where crack propagation is considered to be initiated at 
structural irregularities ("flaws") in the interface of medium and cake.
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1 Introduction and problem
Cleanable surface filters are used for removing dust particles from gases in a wide 
range of chemical and process industries. In recent years a new range of filter media 
has been developed for removal of fine particulates from gases at temperatures above 
the range which can be accommodated by fabric-based media. A major incentive for 
the development of these new types of filter has been the requirement for high- 
efficiency particulate removal at temperatures of up to 1000°C  in connection with 
advanced power plant technologies for coal. Gases produced by pressurised 
combustion and gasification of coal have to be cleaned in order to protect the gas 
turbines through which the gases are expanded, as well as for environmental reasons. 
These filter media consist of bonded granular or fibrous ceramic materials and, 
although other filter geometries are known, have been used mainly in the form of 
filter "candles", hollow cylinders with one end closed. For power generation 
applications, sintered or bonded granular filters, usually composed largely of silicon 
carbide, continue to be recommended (Carls (1985), Bower et a!. (1989), Durst at at. 
(1990)). However, for other process applications the more recently developed low- 
density fibrous media, having a lower flow resistance, are gaining market acceptance 
in areas where their ability to withstand aggressive environments gives them an 
advantage over conventional filter media (Seville at at. (1989), Weber (1988)). 
Fibrous media usually consist of aluminosilicates in various proportions and, like 
granular ceramic filter media, can be formed with a fine surface coating to improve 
operating performance.
As with any conventional bag filter arrangement the typical mode of operation of 
ceramic candle filters is with the dirty gas flow passing radially inwards and the clean 
gas leaving at the open end. During the filtration cycle, dust builds up on the surface 
of the medium until, at a certain preset time or overall pressure difference, cleaning is 
carried out, usually on-line and by administering a short reverse pulse of cleaning gas 
at the neck of the candle. The detached cake then falls into a suitable receiving 
vessel. In general, a filter cake detaches from the filter medium when it is subjected 
to a tensile stress which exceeds its retaining stress (Cheung (1989), Cheung at at. 
(1988), Morris at aL (1987), Leith & Allen (1986)).
For pulse-cleaned fabric filters the reverse gas pulse moves the fabric outwards. It is 
the sudden deceleration of the bag when it reaches its elastic limit which is largely 
responsible for putting the cake into tension. This process is augmented by the flow 
of the cleaning gas through the porous filter medium which simultaneously acts on 
the cake. It is anticipated that cake removal from flexible fabrics is also supported by 
induced shear stresses between cake and fabric due to the fact that the cake cannot 
follow the elastic tangential stretching of the medium (Dennis & Wilder (1975), Loffler
(1988)). This stretching also leads to a loosening of the filter structure which in turn 
causes particles already trapped in the depth of the filter medium to be released. 
After the cleaning pulse, when the fabric comes back again and hits the supporting 
cage as a consequence of the filtration flow, these particles may be transported to 
the clean side of the filter. Together with the particulates of the subsequent filtration 
cycle which challenge the medium before a protecting dust layer has been built up 
again these effects cause a temporary concentration peak on the clean side of the 
filter which is a well known characteristic feature of bag filter operation (Klingel 
(1983), Leith & First (1977)).
In contrast to this, rigid ceramic filter elements do not change their dimensions during 
operation. Due to their self-supporting design they have relatively thick, rigid walls 
and particles which find their way through the surface layer tend to be trapped in the 
depth of the filter structure. For rigid media the tensile stress necessary for cake 
removal is imposed on the cake only by the reverse flow of gas. These significant 
differences mean that the optimum operating and in particular cleaning strategy will 
not be the same as for fabric filters. There are, however, many features in common 
between the two types of filter. For example both undergo a period of "conditioning" 
before equilibrium operation is reached; during this period the residual pressure drop 
(measured just after cleaning) rises from its initial value to its, preferably stable, 
conditioned level (Fig. 1).
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Fig. 1: "Conditioning" performance of a surface filter (Loffler, 1988)
The difficulties confronting the designer of a filter for a particular application include
(i)
(ii)
estimation of the conditioned filter pressure drop and the length of 
time taken to reach the conditioned state;
selection of a filter cleaning pulse pressure, and the duration of both 
the pulse itself and the interval between pulses.
These two aspects of filtration behaviour, i.e. conditioning performance and 
"cleanability", are inextricably linked and, at the present state of knowledge, very 
much system-specific and may only be addressed empirically. In order to reduce the 
scale and the costs of a full scale experiment in a real application preliminary tests are 
most commonly done using a slip-stream test unit or even a "coupon" or small flat 
test filter.
There is a considerable amount of scientific data available on conditioning 
performance of both conventional fabric filters and rigid ceramic filters. Yet for rigid 
ceramics a systematic survey of conditioning experiments with variation of the 
relevant interacting parameters, such as filtration velocity, cleaning intensity and dust 
characteristics, is still missing.
As a basis for designing the necessary cleaning action for surface filters, several 
methods have been developed in order to characterise filter cleanability for a given 
combination of dust and filtration parameters. Most of the experimental work 
available in the literature was performed using coupon scale tests, uncoupling 
filtration and cleaning performance from any particular shape and design of the filter 
element. The different approaches used, in essence, are either based on reverse flow 
cleaning or on inducing a mechanical or centrifugal acceleration on the cake. 
Quantitative comparison of experimental results in terms of necessary cake removal 
stress for these different cleaning methods has not yet been achieved. This is mainly 
due to a lack of fundamental understanding of the cleaning mechanisms involved. 
Regeneration of rigid ceramic filters has been addressed by only a few workers. Due 
to the difference in medium material and structure they behave differently from 
conventional filters. Although in practice the cleaning action is due to reverse flow 
alone, both cleaning principles, i.e. reverse flow and acceleration, can be used for 
quantitative characterisation of cake strength on a small scale basis.
This work is dedicated to investigating cake removal from rigid ceramic filter media on 
this fundamental level and to elucidating the mechanisms and processes taking place. 
The research concentrates on investigations at ambient conditions as the necessary 
basis for investigating cleaning performance of rigid ceramic filters under real process 
conditions (high temperature, high pressure). Questions which must be addressed 
include:
what stresses need to be imposed on a deposited dust cake for successful removal 
and how can this stress be induced on the cake according to the applied cleaning 
method?
how does the method by which the stress is induced affect the detachment?
what contributes to what is generally called "cleaning intensity"; e.g. cleaning 
stress amplitude, rise time, duration and number of repetitions?
what dependencies are there on dust cake loading, particle size and cake 
structure?
• how does the rigidity of the medium affect the detachment?
• what happens if the dust cake does not fail simultaneously at all positions, i.e. 
fractional cleaning occurs, and to what reason can this be attributed?
• what mode of cake failure occurs during removal; i.e. simultaneous failure at all 
points of contact or crack propagation?
Recent research efforts {e.g. Miller (1992), Bush et ai. (1989a&b)) in connection with 
bag filters have been aimed at correlating qualitatively cleaning performance with 
quantitative bulk characteristics of the challenging dust {e.g. split cell/ tensile 
strength; shear cell/ flow function). Small scale coupon cleaning tests are aimed at 
characterising quantitatively filter cleaning performance; the results can then be used 
for direct comparison with dust bulk properties. Therefore, it is essential to be able to 
identify and extract the crucial physical quantity characterising cake strength - which 
is anticipated to be critical cleaning stress - from any cake removal test.
The problem of how to deliver the cleaning action to a full filter element in order to 
attain a uniform pressure build-up within the element and hence a uniform pressure 
loss across all the elements of filter medium and cake will not be addressed in this 
work. First investigations on the cleaning pulse propagation and the corresponding 
pressure build-up in a ceramic filter candle, both experimentally and by simulation, 
have been performed recently by e.g. Berbner & Loffler (1993), Laux et ai. (1993) 
and Ito (1993). The propagation of the cleaning pulse is dependent on many 
geometric parameters and the resulting differential pressure across the filter and gas 
flow have been found to be functions of both position along the candle and time. It is 
evident that fundamental research on the strength of the bond between cake and 
medium can be more easily facilitated for a simple filter geometry.
In addition it should be mentioned that the most recent and one of the most exciting 
developments in hot gas cleaning technology with rigid ceramic filters has been the 
proving of techniques for simultaneous removal of solid and gaseous contaminants. 
Acid gases and heavy metals are removed by injecting finely divided reactant or 
sorbent solids up-stream of the filter. This process is known as "dry scrubbing". The
solids most commonly employed are calcium carbonate, oxide or hydroxide, to 
remove 80% and HCI, and activated carbon to remove organic chlorides and heavy 
metals. In this application ceramic filters are preferable to fabric filters not only 
because of their greater temperature range and relative freedom from chemical 
attack, but also because their lack of flexibility prevents cake cracking, which causes 
gas by-passing and is thought to be a major source of inefficiency (Gang & Loffler, 
1990). These processes are currently attracting considerable research effort (see, for 
example Duo ef a/. (1993)) and it is evident that a thorough understanding of cake 
formation and removal mechanisms is most desirable for successful application of this 
technique.
2 Principles of gas filtration with surface filters
2.1 Cake formation
For effective operation as a gas-cleaning device, it is essential for a stable cake to 
form on the surface of the filter medium rather than for filtration to occur in the depth 
of its structure. In practice some combination of depth and surface filtration will 
always occur, particularly during the early part of the conditioning process. Depth 
filtration is more likely if the filter medium has a coarse open structure {e.g. Cheung 
(1989,1988), Durst (1990)). This has led to the development of media with a fine 
surface layer. Whether surface filtration will occur at all, and the structure of the cake 
which is formed if it does, are both controlled by a combination of the structure of 
the medium, the properties of the fibres, the face velocity and the dust properties. A 
dust particle approaching the filter possesses a certain kinetic energy, some or all of 
which is dissipated upon impact with an element of the medium or a previously 
captured dust particle (Coury et a/., 1987). In summary, the particle will be able to 
rebound and evade capture if
mv^ >  k (2.1,1)
where m and v are the particle mass and approach velocity (related at first impact to 
the face velocity) and k is a function of the material properties of the contacting 
surfaces (larger for a more cohesive dust) and may also be a function of v itself 
(Reed, 1987). If rebound occurs and the cake structure is relatively open, the particle 
may be able to penetrate deeper into the deposited cake or the medium until it loses 
sufficient energy to be captured, leading to a denser cake or a greater tendency 
towards depth filtration. If rebound occurs but the cake structure is not sufficiently 
open to permit the particle to penetrate, there is nevertheless an opportunity for the 
particle to find a more stable position, and this usually will also lead to formation of a 
denser cake.
These effects are well illustrated for stationary granular bed filtration by Coury 
(1983), who investigated the filtration of carbon and ash particles, of approximately 
the same mean size, in beds of sand. At high face velocities it was not possible to 
form a filter cake with the uncohesive carbon particles while the cohesive ash 
showed good cake-forming properties. At low face velocities both formed cakes but 
the cake resistance to flow for carbon particles was higher than that for ash.
For a cleanable surface filter the separation of the dust by depth filtration 
mechanisms during the intial deposition phase is changed to separation by sieving 
once a dust cake starts building up. Further particle capture then occurs on the cake 
itself, hence increasing the filtration efficiency. This also means that the filter medium 
is protected against being clogged up with dust particles which otherwise would have 
penetrated into the structure of the medium.
With increasing dust deposition, i.e. increasing cake thickness, the overall resistance 
to flow of the filter rises. Using Darcy's Law and with the assumption that the overall 
pressure loss Apj can be split into the contribution of the cleaned filter medium Apm 
and the contribution of the deposited dust cake Apc the flow resistance of the cake 
can be determined experimentally by measuring the overall pressure loss across the 
filter for a given flow rate:
A p i  — ApiYi -F A p c  ( 2 . 1 , 1 1 )
and
Rc =  A pc/(U  T|) for: Re = (U p x)/rj < 1 (2.1,111)
U: mean filtration velocity
T|: dynamic viscosity of the gas
p: gas density
X: representative particle diameter in the granular packed bed, i.e. cake
Re: Reynolds number based on particle diameter
The resulting absolute resistance to flow of the cake, Rq, obviously presents an 
averaged value for the whole cake thickness and area. Beside experimental 
determination of the resistance to flow of a deposited dust cake many correlations 
are available for the prediction of flow resistances of porous media such as filter 
cakes. A general overview of available correlations is given by Dullien (1979). Various 
approaches applied to dust filtration are listed by Klingel (1983) and Donovan (1985). 
The most commonly used correlation for the prediction of flow resistances of porous 
media used at low Reynolds numbers is that due to Carman and Kozeny:
Ap = R Sv  ^ n U (1-8)/6® (2.1,1V)
where Ap is the pressure difference, s is the bed void fraction, r| is the dynamic gas 
viscosity, U the face velocity and Sv the volume specific surface area of the particles. 
Again the properties of the cake are assumed to be homogeneous. It is clear, 
however, that without experimental data this form of equation cannot be used with 
confidence to predict cake permeability because it depends strongly on the void 
fraction of the cake, e , which in turn is sensitive to the conditions under which the 
cake is formed. This emphasises the importance of test work under conditions as near 
as possible to those of the real application.
In order to get more information about the structure of a dust cake deposited on a 
fabric filter Schmidt & Loffler (Schmidt (1991), Schmidt & Loffler (1990a, 1990b)) 
developed a preparation technique which enables cross-sections of the cake to be 
exposed for qualitative and quantitative structural analysis. The dust cake is 
embedded into a curing resin after the cake has been treated by a "prehardening" 
technique in order to avoid redispersion of the dust while the liquid resin penetrates 
into the brittle cake structure. Schmidt (1990b) showed that there is a gradient of 
porositv within the cake. Due to the increased pressure experienced by layers of the 
cake closer to the surface of the medium, voids and larger pores in these region tend 
to collapse with increasing deposition time (Schmidt, 1993). Schmidt did not find a 
gradient of particle size within the cake. Other workers {e.g. Cheung (1989, 1988), 
Seville et a!. (1990)) investigated mean particle size of the residual dust layer 
remaining on the filter after cleaning. They found that particles at the surface of the
medium are finer than the mean particle size of the cake. This phenomenon has been 
explained by the penetration of fines through the cake during the whole filtration 
cycle resulting in an accumulation of fines near the medium. Additionally, it is 
suggested here that finer particles adhere more strongly to the fibres of the filter 
medium. Subsequently, over a large number of filtration and cleaning cycles this 
would lead to a higher content of fines at the filter surface forming the residual dust 
layer. This observation of fine particles at the interface between cake and medium is 
not contradictory to Schmidt's work, since the resolution of his cake analysis 
perpendicular to the filter medium has been in the order of 20-40 pm and the 
subsequent analysis did not include the interface layer of maybe a few microns in 
thickness at the most.
On a larger scale, and considering filtration in a conventional cylindrical filter element, 
the dust cake build-up along the length of the element is expected to be 
inhomogeneous, at least for the first cleaning and regeneration cycles. Clift et aL 
(1990) have shown that for a ceramic filter candle the pressure drop of the gas on 
the "clean side" of the filter can become comparable with the pressure drop through 
the filter medium itself. The main contribution to this internal pressure drop arises 
from the change in gas momentum but wall friction can also be significant: its effect 
is that the pressure difference across the candle wall increases towards the open end, 
causing a corresponding increase in the local face velocity. During filtration, the 
increased face velocity towards the open end will lead to a more rapid deposition in 
this area and consequently to a more dense cake and hence to a more uniform 
distribution of flow. In practice, this self-correcting effect means that maldistribution 
of flow may only be evident during the beginning of the first filtration cycles 
(Schiftner, (1990), ter Kuile (1992)). Schmidt (1991) confirmed this consideration by 
computer simulations of the radial velocity profile along a bag filter element.
10
►
►
►
►
Clean
Side
—!►
Wall
Ap
Fig. 2.1 : Filtration velocity profile along the length of a rigid ceramic filter
element (qualitatively, Clift et aL, 1990)
Manipulation o f dust cake formation
The cake formation process determines the resulting resistance to flow of the 
deposited dust layer and hence the differential pressure loss of a filter unit. This 
aspect is of much concern for economic filter operation and consequently has 
attracted considerable research effort in order to investigate possibilities of 
manipulating the cake formation process and hence the resulting resistance to flow of 
the deposited cake.
Beside investigation of the influence of filtration velocity, particle size as well as 
particle size distribution and particle concentration, various workers have addressed 
the manipulation of the cohesivity of the challenging dust by various means. The 
strategy here is to increase interparticle forces in comparison to gravity and drag 
forces and hence to attain a more open cake structure with an increased porosity
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and therefore a decreased resistance to flow. In order to do so, the agglomeration 
behaviour of the challenging dust can be improved by additives to the carrier gas. 
Liquid {e.g. water, affecting relative humidity, (Schmidt & Pilz (1993b), Ariman & 
Helfritch (1977)) or gaseous additives {e.g. SO3 and NHa) are used (Miller (1992), 
Humphries et al. (1991)). The dust cohesivity can also be influenced by utilising 
electrostatic effects, i.e. charging of the dust particles or applying an electrical field 
to the filter, leading to a polarisation of particles and filter medium (Schmidt, 1991). 
Some of these attempts will be discussed in Section 3.2 where experimental work 
on cake removal and filter regeneration in general is reviewed. There, the effect of 
these manipulations will be considered in the context of its influence on the cake 
strength and hence cake removal behaviour.
2 .2  Cake removal
In order to maintain an acceptable overall pressure loss during filtration and hence an 
economic mode of filter operation, the medium has to be regenerated periodically, i.e. 
the deposited dust has to be removed when the overall pressure loss reaches a 
critical value.
The deposited dust layer is held to the medium by forces between particles and 
fibres, "adhesive" forces, but also by interparticle forces between particles trapped 
within the surface layer of the medium adhering to fibres and the particles of the 
bulk cake phase, "cohesive" forces. Correspondingly, the terms "cake adhesion" and 
"cake cohesion" are frequently found in the literature. The former is commonly based 
on the simplistic model of a homogeneous cake adhering to a, more or less, 
homogeneous, flat substrate. The integral attraction force, or, related to the surface 
area, the corresponding stress based on components of local attraction forces 
perpendicular to the medium, is then referred to as cake adhesion. The term 
cohesion of a dust cake is often used to express its "internal strength", including 
tensile strength and strength against shear. The term cohesion will be used in this
12
sense in this work. However, it should be mentioned that according to bulk solid 
mechanics terminology, the cohesion of a particle assembly is used quite specifically 
to mean the shear strength of the system at zero normal stress. Other general terms 
aiming at describing qualitatively the macroscopic effect of interparticle attraction on 
bulk solid strength are "cohesivity" and "cohesiveness". These terms will not be used 
here.
In both cases, i.e. adhesion and cohesion, the underlying attraction forces are mainly 
van der Waals forces, electrostatic and capillary forces (Schütz, 1979). It is evident 
that these forces are determined by the physical and chemical properties of the 
particles, the medium and the carrier gas as well as by the history of the system 
considered {e.g. mechanical compression of the cake, time controlled adsorption of 
ambient humidity at the surface of particles and fibres). The physical nature of the 
forces involved will be discussed in more detail in Chapter 5. Here a more 
phenomenological approach will be pursued. In addition to attractive forces, 
mechanical interlocking of asperities of particles in contact or of fibres and particles in 
contact can have a strength enhancing effect. Fibres protruding from the filter surface 
into the dust cake also can influence the strength of the bond between medium and 
cake.
Dust-laden gas flow
K I I I K
Cake
Fibrous
ceramic
filter
medium
Fig. 2.2a: Dust cake at filter surface
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For effective regeneration of the filter medium the following requirements have to be
fulfilled:
• the deposited dust cake should be removed completely, but
• it has to be ensured that a residual dust layer remains at the filter surface in order 
to prevent particles from penetrating into the structure of the medium at the 
beginning of a subsequent filtration cycle, which would result in a decrease in 
filtration efficiency and a gradual increase in the residual resistance to flow
• the removed cake has to be transported sufficiently far from the filter medium in 
order to avoid redeposition of the dust onto the filter surface (of major concern 
with on-line cleaning)
• in order to optimise free settling of the detached dust, it should be ensured that 
the cake is removed in the form of bigger "spalls" and agglomerated lumps and is 
not completely redispersed by too high a cleaning action (of major concern with 
on-line cleaning)
• the cleaning energy delivered to the filter needs to be optimised in order to reduce 
operating costs as well as to reduce filter medium wear
The industrially-applied cleaning processes available for removing the cake depend on 
the type and design of the filter. A basic distinction is between filters which are 
cleaned off-line, i.e. the raw gas flow is shut off during the regeneration cycle, and 
filters which are cleaned on-line, i.e. without interruption of the dirty gas flow.
With off-line cleaning shaking and vibrating of a flexible filter element is used as well 
as a steady or pulsating reverse flow of cleaning gas. These methods are also used in 
combination. With on-line cleaning a short pulse is administered to the clean side of 
the filter element, reversing the flow through the medium and hence accelerating it 
outwards until it reaches its elastic limit. For rigid filter media, only reverse flow or 
pulse cleaning can be utilised. Both off- and on-line cleaning are used and have their 
advantages and disadvantages for regenerating ceramic filter elements at 
temperatures of up to 1000°C . In the case of off-line cleaning the shut-off time can 
be adjusted to the time the detached dust needs to settle down into the receiving 
vessel. Because of the increased gas viscosity at high temperatures (appr. 2.7-fold for
14
air at 1000°C  in relation to ambient temperature) the terminal velocity of the settling 
particles is clearly less than at ambient temperature (Hilligardt, 1990). On-line 
cleaning has the big advantage that no moving and sealing parts of any shut-off
devices have to be used. This point is obviously of great concern in the temperature 
range considered.
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(off-line) cleaning by vibrating the filter element vertically 
(off-line) cleaning by shaking of the filter element
(off-line) cleaning by means of a traversing ring incorporating nozzles for injecting cleaning gas 
(off-line) cleaning by a combination mechanically induced vibration and pulsating cleaning gas injected onto 
the outside of the filter element
(on-line) cleaning by application of a pressure pulse to the inside of the filter element
In the cases a,b,c & d the dust-laden gas is introduced to the inside of the filter element. Only for the on-line cleaned 
filter the dust is filtered at the outer surface of the filter element.
Fig. 2.2b: Various cleaning methods for surface filters (Loffler, 1988)
The basic cleaning mechanisms applied with the various methods mentioned above 
are, firstly, cleaning by drag forces acting on the cake due to reverse flow and, 
secondly, cleaning by inertial forces acting on the cake due to the applied 
acceleration.
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Cheung (1989, 1988) has shown that for both acceleration and reverse flow the 
same general physical process occurs and that with reverse-flow cleaning the tensile 
stress imposed on the cake equals the pressure loss across the cake (Fig. 2.2c). In 
both cases the tensile cleaning stress acting on the cake is highest at the interface 
between cake and medium.
Reverse Flow (I) Acceleration (II)
jiifti'
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A Ap(
F =(ARcT|) U
F =(A  W  r^  T|/p) U
Pi
P2
z
=A Oc 
:(AW) a
F: force acting on cake element, (N)
Apc-' pressure loss across the cake due to reverse flow, (N/m^)
oc: tensile stress acting on cake at interface cake/medium, (N/m^)
A: interfacial area cake/medium, (m^)
W: areal cake mass (filter loading), (kg/m^)
U: superficial gas velocity, (m/s)
Rc: Darcy absolute resistance to flow of the cake
rc: Darcy specific resistance to flow of the cake, (Rc/Zc =  rc)
T|: dynamic gas viscosity, (kg/m/s)'"^
Pc: cake bulk density, (kg/m^)
a: acceleration imposed onto the cake, (rn/s^ )
Zc: cake thickness, (m)
Fig. 2.2c: Tensile cleaning stress acting on a deposited dust cake due to
reverse flow (I) and due to inertial forces (II)
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Loffler (1972) characterised adhesion of particles adhering to single fibres, removing 
them by application of local jet flows, and found that in order to remove these 
particles flow rates well above the range which is commonly used for reverse flow 
cleaning of fabric filters had to be used. Consequently, this is evidence that during 
reverse flow cleaning of barrier filters, particles already in direct contact with fibres 
will tend to remain in position. Furthermore, the contact zone between the filter and a 
deposited dust cake can be expected to incorporate a lot of structural irregularities 
(Fig. 2.2a). These can be considered as flaws weakening the bond between cake and 
medium. For both reverse flow cleaning and removal of the cake by acceleration, the 
tensile cleaning stress acting on the cake is highest at the interface between cake 
and medium (Fig. 2.2c). Considering these circumstances in combination, it is evident 
that cake failure will occur mainly between a residual dust layer and the cake rather 
than at some intermediate point in the structure. Experimental investigations (Cheung
(1989), Morris et aL (1987), Dennis & Wilder (1975), Sievert (1988)) of dust 
filtration with surface filters have confirmed that cake fracture during filter 
regeneration commonly occurs very close to the filter medium, with a fine dust layer 
remaining on the surface of the medium.
In addition to tensile stresses imposed on the cake, for flexible filter elements 
compressive and shear forces are available for removing the cake. Bending of the 
fabric can lead to failure of the cake perpendicular to the filter surface under tensile 
and compressive forces and it can also induce shearing of the cake against the 
medium leading to failure at the interface between the cake and the residual dust 
layer on the filter. Shearing of the cake parallel to the surface of the filter medium 
occurs when the flexible medium is stretched open due to the increased pressure 
inside the filter element during reverse flow or pulse cleaning. This can either lead to 
shear failure between the cake and the residual dust layer or to tensile failure 
perpendicular to the filter surface within the cake. Shear failure for off-line-cleaned 
fabric filters can also occur when the medium contracts (tangentially) after being 
released from the load induced by the filtration flow. These processes are well 
described and illustrated by De Ravin (1986) and Xu (1994). For flexible fabrics there 
is no information as yet as to the extent to which the various mechanisms contribute 
to the cake removal process in a real filter.
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For rigid media, as mentioned earlier, only tensile forces due to the drag induced by 
reverse flow or pulse are available for cake removal. Due to their inherent rigidity, 
ceramic filter media seem to be suitable for a more fundamental investigation of cake 
strength, since no flexing or bending of the medium could cause additional shear 
stresses acting on the bond between cake and medium.
In practice a deposited cake is not removed uniformly under a certain cleaning 
action, resulting in fractional, "patchy" cleaning of the filter surface. This has been 
observed for both flexible and rigid media and may be the consequence of 
inhomogeneities in the filter medium, or the cake structure or the cleaning action 
delivered to the clean side of the filter or a combination of these. In the case of 
fractional cleaning, a "cohesive" shear component perpendicular to the medium has 
to be overcome, because a spall of cake about to be removed is also retained by the 
surrounding cake.
cake element, 
"spall" about 
to be removed
\
filter medium
cleaning force acting 
on cake element
X dA
shear force retaining the 
element in its position
cake, partially cleaned off
Fig. 2.2d: 'Patchy cleaning" (fractional cleaning)
18
3. Review of experimental work on characterisation of dust cake 
removal behaviour
3.1 Basic considerations
At present it is not possible to predict a priori the stresses which must be imposed to 
clean a filter medium by detaching the cake. This issue still has to be addressed 
experimentally. There is some work available in the literature aimed at 
characterisation and quantification of cake removal behaviour in the context of dust 
filtration. In most cases the correlation between a gradually increased cleaning 
intensity, however defined, and the resulting cake removal has been investigated. 
Generally speaking, the term "cleaning intensity" has been characterised by one or 
more of the following:
• the amplitude of the cleaning action, e.g. maximum applied acceleration
• the corresponding rise time of the signal
• the duration of the signal
• the number of repetitions
In order to reduce the scale and the costs of an experiment as well as to uncouple 
filtration and regeneration performance from any particular shape and design of the 
filter element, tests have been commonly performed using a flat filter geometry. 
These laboratory-scale, flat filter disc or "coupon" tests are meant to yield 
information on the cleanability of a filter medium for a certain combination of 
operating parameters and properties of the challenging dust, which can then be used 
for choosing the cleaning action for a real filter unit. Since cleaning of the medium by 
acceleration followed by a sudden deceleration, and cleaning by reverse flow or pulse 
are the industrially-relevant cleaning processes for surface filters, most of the work 
available in the literature is based on a simulation of one of these processes. More 
fundamentally-oriented work has been performed by imposing a gradually increased 
centrifugal acceleration on the cake, and by this trying to exclude any dynamic 
effects on cake strength determination which may occur in an acceleration test. 
Simultaneously, this technique allows quantitative determination of the tensile
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cleaning stress acting on the cake without specifically measuring the acceleration (by 
means of an accelerometer).
The physical quantities experimentally available for quantitative characterisation of 
the cleaning process and its result are the ones mentioned above: the cleaning 
intensity and, as the result, the corresponding cake removal. Most commonly, cake 
removal is characterised by the correlation between the amplitude of the applied 
cleaning action and the corresponding fraction of cake removed, f, or fraction of cake 
remaining, 1-f, the definition of which is given by
f = (mc.o - nric,i)/mc,o (3.1,1)
with: mc,o = my - m^ /i
and
cond.
1 - f = iTic,i/mc,o (3.1,1
nr^ M, cond.: mass of filter, conditioned and cleaned
my: total mass of conditioned and cleaned filter plus mass of initially
deposited cake 
mc,o: initially deposited mass of cake
mcj: mass of cake remaining after cleaning step i
If, according to the experimental procedure, the filter medium has not undergone a 
conditioning procedure, mM, representing the mass of the uncontaminated filter 
medium is used instead of mM.cond.- The correlation between the applied cleaning
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intensity and fraction of cake removed or remaining, presented graphically in a 
diagram, is usually referred to as a cake removal curve. Figure 3.1a shows 
schematically the shape of a cake removal curve for ideal, theoretical cake removal
(I), and for fractional cake removal (II) as found in experimental practice.
shot 1 ,2 ,3 & 4
1
0.5
1
(II I)
Cleaning action Cleaning action
Fig. 3.1 a: Theoretical, ideal cake removal (I), fractional cake removal
resulting in a cake removal curve obtained by cumulative testing
(II) and by a series of one-shot experiments (III)
In the ideal case 100% of the cake is removed when a critical cleaning action is 
exceeded. The sigmoidal curve for fractional cake removal is usually characterised by 
the median value of the cleaning action which causes 50% of the cake to be 
removed.
For determination of a cake removal curve a distinction is made between removal 
tests where the same deposited cake is subjected to a gradually increased cleaning
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action (cumulative testing, Fig. 3.1 a(ll)) and tests where one cake is subjected once 
only to a preset cleaning action, often referred to as a "one-shot" experiment (Fig. 
3.1a(lll)). In both cases the information given is the fraction of initially deposited cake 
which can withstand a certain cleaning action, i.e. mechanical/centrifugal acceleration 
or reverse flow. Intuitively, the one-shot type experiment seems to represent the 
more industrially-relevant case. This type of experiment mainly makes sense for rapid 
application of the cleaning action (mechanically applied acceleration, reverse pulse). 
Centrifugal acceleration and reverse flow will, in practice, always require a longer 
time until the full cleaning action has built up. Thus, the situation will be much closer 
to the case of a gradual increase of the cleaning action acting on the same cake 
(quasi-static, cumulative testing). As yet, there is insufficient information available to 
conclude to which extent resulting removal curves differ from each other according to 
the mode of the application of the cleaning action. Obviously determination of a 
complete cake removal curve using the one-shot technique is more time-consuming 
and requires deposition of several dust cakes of similar weight and structure.
For cleaning by acceleration it has been shown (Morris at ai. (1987), Sievert (1988), 
Hahnheiser (1970)) that the actual tensile cleaning stress acting on the cake can be 
derived from the acceleration applied and the measured cake loading (Fig. 2.2c(ll)). 
This evaluation of the data is based on the assumption that the areal dust loading is 
constant across the filter surface and remains constant with progressive cleaning in 
the non-cleaned areas, and that no other stresses but stresses normal to the filter 
surface are responsible for cake removal. Even if there is a gradient of cake porosity  
and hence a density gradient normal to the filter surface, the stress acting on the 
cake will still be highest at the interface of the residual dust layer and the cake, i.e. 
cake failure is still expected to occur close to the medium.
For reverse flow cleaning, determination of the tensile cleaning stress acting on the 
cake for removal, i.e. the pressure loss across the cake (Fig. 2.2c(l)), is difficult since 
this quantity cannot be measured directly without interfering with the gas flow 
pattern and hence with the dust deposition and removal pattern. In other literature in 
this area, cake detachment is frequently plotted in the form of correlations between 
the applied reverse flow rate or corresponding total pressure difference, and the 
fraction of cake removed. Cheung (1989,1988) proposed a simple geometric analysis 
for deriving the actual tensile cleaning stress acting on the cake, Oc = Apc, from the
22
corresponding overall pressure loss data of a removal experiment. This approach too 
is based on the assumptions mentioned above, i.e. constant loading across the filter, 
no change in cake element thickness with progressive cleaning and only stresses 
normal to the filter surface being responsible for cake removal.
Medium
Reverse Flow
Cake
Pi
P2
z
Fig. 3.1b: Differential pressure across filter and cake during reverse flow
cleaning
Cheung considered a section through the medium plus cake, as shown in Figure 3.1 b. 
During reverse-flow cleaning, as during filtration (Equation 2.1,11), a pressure 
difference will be set up across the filter, consisting of contributions from the cake 
and the medium.
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Since the Reynolds number is low, both of these contributions can be expressed 
according to the Darcy's Law resistance equation:
ôp/ôz =  rc r| U (3.1,111)
where r| is the gas viscosity, U is the superficial gas velocity, z the thickness of the 
porous layer and rc its specific Darcy's Law resistance. Hence the total pressure drop 
can be expressed as:
A pj =  Apm +  Apc (3.1,1V)
and from Equation 3.1,111
APm =  Tm t| U Zm and Apc =  rc t| U Zc (3 .1 ,V )
Here, Ap^ and Apc are the pressure drops across the medium and the cake, of 
thickness Zm and Zq, respectively. The gas viscosity is effectively constant and the 
cake and medium thicknesses can be incorporated into modified resistances, Rc' and 
Rm', by multiplying the absolute resistances, R| =  ri Zj, with the gas viscosity:
Apiv, =  Rivi' U and Apc =  Rc' U (3 .1 ,VI!
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The ratio of Apc and Apj is independent of the set velocity, therefore:
Apc =  ApT (Rc'/( R c '+  Rivi')) (3 .1 ,VII)
This is the pressure drop across the cake itself and also, as shown in Figure 3.1b (I), 
the tensile stress acting at the cake/medium interface.
The intention behind this approach is to extract the fundamental physical quantity 
which characterises the strength of the cake in order to allow comparison of cake 
removal data where the resistance to flow of the medium, the cake or both are 
different. This is illustrated in Figure 3.1c for a variation in filter medium thickness of 
factor two. Commercially available fabric surface filters are commonly classified 
according to their areal weight (weight per unit area). For ceramic filters the same 
type of medium is utilised in different thicknesses corresponding to the size and 
especially the diameter of a filter candle. Typical values of medium thickness are 
between 10 and 20 mm, as indicated in Figure 3.1c.
The pressure difference acting across the cake is a fraction of the total across the 
cake-plus-medium, which depends on the ratio of the two resistances. For a thicker or 
more resistive medium, less of the available pressure difference acts across the cake, 
so that the cake appears to be more difficult to remove in this case if only overall 
pressure differences are considered. Therefore, comparison of the total differential 
pressure loss data of a cake removal experiment obtained for significantly different 
types of filter medium is not expected to be meaningful. Extracting the critical tensile 
cleaning stress acting on the dust cakes would allow comparison of the actual 
strength of the bond between medium and cake.
The same consideration applies to comparison of cake removal data where filter 
media of different specific resistances have been used. For ceramic filter media the 
difference in fraction porous between a fibrous and a granular medium can
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be as high as 0.5 (Withers et a!. (1990), Seville et al. (1989b), Schulz & Durst 
(1994)).
Zg =  20m m
=  10m mMedium
Cake
Reverse Flow
^ P m ,2 ^P m ,1
Fig. 3.1c: Influence of a variation of medium thickness on total differential
pressure obtained during a reverse flow cleaning experiment
The effect of a variation in cake thickness, i.e. cake loading, is demonstrated in Figure 
3 .Id . In order to impose a distinct pressure loss onto the cake, e.g. the critical 
cleaning stress, for a cake of double thickness, assuming a constant specific 
resistance, the required reverse flow rate will be half as high as for the thin cake. In 
general, as illustrated in Figure 2.2c, the necessary cleaning action decreases with 
increasing cake loading,
^either reverse flow or
acceleration. Due to the decreased reverse flow in the case of a thick cake the 
corresponding differential pressure across the medium will also be reduced, thus
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making it difficult to compare cake removal data in terms of total differential pressure 
loss.
Cake, (R
Medium
Reverse Flow  
Qi or Qg 
w ith Qi =2Q o
►
APi
M,
T,2
Z
Fig. 3 . Id: Influence of a variation of cake thickness on cake removal by
reverse flow
Application of Cheung's analysis should theoretically enable direct comparison - in 
terms of actual cake strength - of cake removal data obtained using reverse flow with 
data obtained using cake removal by inertial forces (mechanical acceleration/ 
centrifugal acceleration). Considering, as a first assumption, the cake removal stress 
to be independent of cake loading, as indicated in Figure 3 . Id  for two cake 
thicknesses, the relation between tensile cleaning stress acting on the cake and
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necessary cleaning action for ideal cake removal, i.e. 1 0 0 % cake removal when a 
critical stress is exceeded, is illustrated in Figure 3.1 e. For both cleaning processes 
the'iensile cleaning stress imposed on the cake is inversely proportional to the
. The sole difference between the two techniques is the corresponding 
conversion constant as derived in Figure 2.2c.
(/} 5O) o 
.5 E
C  (U 
(0
II
II
S £
Ü
Acceleration;
co a = (1AA/) oCg,n
II
i C .=  1
\ Reverse flow:
o = const. “ S
•fl
\ U = (1/W) oC,.
\  C, = p ,/(r ,n )
B Bc  ^
Cake loading Cake loading
Fig. 3.1e; Relation between necessary cake removal stress and corresponding 
intensity of cleaning action for ideal cake removal
Equation 3 .1 ,VII was developed for a uniform cake. Because of its inhomogeneous 
resistance to flow, a patchily cleaned filter will show regions of preferential gas flow 
(Fig. Applying the simplistic model of combined, parallel resistances to flow,
the contributions of cleaned and uncleaned areas to the overall resistance can be 
calculated (see Section 4.3.3). Correspondingly, local gas velocities at cleaned and 
uncleaned areas can be determined. In both cases, i.e. in cleaned and uncleaned 
areas, the total pressure drop would be distributed across either the medium only or 
medium plus cake respectively.
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Provided that the flow is rectilinear, i.e. the local gas velocity in the uncleaned areas 
remains the same throughout the medium and within the cake, the total pressure drop 
would be distributed across medium plus cake as shown in Equation 3 .1 ,VII and 
Figure 3.1b. The approximation that the gas velocity stays constant throughout the 
cake thickness should be valid provided that the undetached cake patches are large 
compared with the cake thickness. Whether, for the case of a partially cleaned filter, 
the underlying assumptions are valid still needs to be confirmed.
Medium Cake
Reverse Flow
M,uncleaned areas
^ P m ,cleaned areas ^ P j  ^ P
Z
Fig. 3 . If:  Differential pressure across partially cleaned filter during reverse
flow cleaning
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Although coupon scale experiments are in the first instance meant to enable 
investigation of filter regeneration performance at a fundamental level, the results of 
these tests are finally to be used to help to design the appropriate cleaning action for 
a particular set of medium, cake and operating characteristics in the real application. 
Most of the work available from the literature also addresses the relationship between 
experimental results at a coupon scale and full element scale experiments. In 
particular, Sievert & Loffler (Sievert (1988), Sievert & Loffler 1987)) have 
investigated this aspect and found a good agreement between results obtained at the 
two different scales. This includes qualitative trends, e.g. necessary cleaning action 
versus increasing filter loading, as well as quantitative agreement especially for the 
reverse flow cleaning technique.
Finally, it should be mentioned, that the median value of both cleaning action or 
tensile cleaning stress of a complete cake removal experiment, i.e. the point where 
50% of the cake has been removed, is commonly taken as representative. Although 
for instance considered by Morris (1987) as a realistic operating parameter (50%  
cake removal on each cleaning cycle) in a typical bag filter unit, it should be pointed 
out that in order to ensure stable operating performance it may be necessary to apply 
a multiple of the experimentally obtained median cake removal stress. In any case the 
conditioning performance over numerous cycles must be considered in order to 
optimise filtration and cleaning performance.
3 .2  Literature review
In the following, different approaches towards characterisation of cake removal 
performance will be reviewed. Information on the corresponding main experimental 
parameters and main results is listed in Table T3 at the end of this chapter. The 
selection presented is restricted to experimental work using a flat filter geometry at a 
laboratory scale. A further criterion for selection was the comparability of
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experimental data in terms of presented physical quantities, enabling the state-of-the- 
art of quantitative characterisation of filter cake removal to be outlined. Finally an 
attempt has been made to present representative work for each common technique 
used. In most of the reviewed publications the data were explicitly given in numerical 
form. In some cases, for this review, important additional data have been graphically 
extracted from the diagrams given in the publications. For the latter, only median or 
mean values have been chosen in order to indicate trends. These data are not used to 
back up any criticism, but rather to advance common understanding. In cases where 
a different view regarding interpretation of experimental data is given, this is based 
on explicitly formulated statements from the publication concerned.
From the available publications it is evident that different techniques have been used 
to form the dust cakes for subsequent removal experiments. These are listed in Table 
T3 (see end of this chapter) for most of the work presented in this review. Three 
principally different filtration arrangements were used:
• A specifically designed "cross-flow arrangement" where a flat filter coupon is 
mounted parallel to the main dust-laden gas flow, a certain proportion of which is 
drawn through the filter leading to dust deposition on the surface of the fabric. 
This arrangement has been claimed (Sievert, 1988) to lead to dust cake 
resistances which are close to those measured for a full filter element, the latter 
evidently representing averaged resistances.
• The filter coupon is mounted in a frame as part of the fabric in a conventional filter 
bag. Evidently this arrangement is closest to industrial conditions, however, due to 
the influence of the position of the test filter on the dust deposition characteristics, 
local operating conditions (gas velocity, dust concentration) appear not so readily 
controllable.
A "dead-end" arrangement where all of the dust laden gas-flow is passed through 
the filter medium which is aligned perpendicular to the axis of the filtration duct. 
This arrangement appears to be most easily controllable and has proved to lead to 
very reproducible cake deposition.
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The work of Hahnheiser
Hahnheiser (1970) was one of the first to address quantitative characterisation of 
cake removal performance thoroughly. He used a centrifuge to impose the necessary 
cleaning stress on the cake in a quasi-static way by gradually increasing the rotation 
speed. The cake mass removed for each set centrifugal acceleration was recorded 
incrementally, i.e. by cumulative testing on a single deposited cake. Hahnheiser 
investigated the effect of cake loading, mean particle size and filtration velocity as 
well as the type of filter medium on cake removal stress. From the complete cake 
removal curves obtained experimentally Hahnheiser took the median cake removal 
stress, O5 0 , the stress at which 50% by weight of the cake had been removed, as 
representative. He presented his experimental data as median cake removal stress 
plotted against maximum pressure loss across the initially deposited cake at the end 
of the corresponding filtration cycle. This way of presenting the data is not directly 
comparable with the data presentation from other works on this subject which have 
been published during the last two decades. In other work, removal stress data are 
most commonly presented as median removal stress versus cake loading. 
Unfortunately it is not possible from the data published by Hahnheiser to derive the 
corresponding cake loading data. However, his work gives valuable information on the 
trends.
In general, varying the cake loading, Hahnheiser found an increase in cake removal 
stress for an increased maximum pressure loss across the cake at the end of the 
deposition cycle, for a constant mean particle size and filtration velocity. This 
tendency was attributed to the increased compressive stress acting on thicker cakes, 
in particular acting on the part of the cake close to the medium where failure will 
occur. In detail, a greater number of particles in the failure plane, a higher 
coordination number for the individual particles as well as an increased contact area 
at points of contact were all considered to contribute to an increase in tensile 
strength, requiring a higher removal stress.
One set of actual median removal stress data is given in the conventional way for a
quartz dust (xmmd  ^ 5 .4 pm) deposited onto a rigid sintered polystyrene filter (sphere 
size: 350-450 pm), using a range of cake loadings between 90 and 1190 g/m^ and a 
filtration velocity of 0.01 m/s (Fig. 3.2b). The curve shows a clearly marked increase
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of median removal stress with increasing cake mass covering a range of removal 
stresses between 18 and 163 Pa. The corresponding median removal acceleration 
data, calculated according to Fig. 2.2c (a5o = cj5oAA/), are presented in Fig. 3.2a.
Hahnheiser observed typical fractional cleaning as explained in Fig. 3.1 a(ll). He 
investigated the cake removal pattern and found that patches or "spalls" of cake of 
approximately circular shape were removed, leaving crater-shaped holes in the 
remaining cake. For these spalls of cake removed, tensile failure was found to occur 
parallel to and close to the medium. The spall size was observed to increase with 
increasing cake loading. Hahnheiser also investigated the aspect of cake fragment 
size on a theoretical basis which will be referred to in Section 5.3.
Characterising a cake by its final filtration pressure loss at the end of the filtration 
cycle ensures that the compressive stress at the interface of cake and medium 
remains constant when investigating the effect of the mean particle size of the dust 
and the filtration velocity on cake removal performance. Increasing mean particle size 
using quartz dust fractions of various mean particle diameters (4.7, 5.4, 7.33 & 10.9 
pm) resulted in a decrease in the necessary cake removal stress. Variation of the 
filtration velocity (0.004-0.08 m/s) had no significant effect on removal performance. 
Hahnheiser obtained a slight decrease in cake removal stress for an increased 
filtration velocity. This slight reduction in removal stress with increasing filtration 
velocity could be attributed to an increasing shear stress acting on the bond between 
cake and medium, in the case of flexible filter media. This increased shear component 
may be the result of an increased expansion of the flexible filter medium under a 
higher filtration velocity with subsequent contraction once the gas flow is stopped for 
the - off-line - cleaning experiment, pre-stressing the bond between cake and medium.
It should be kept in mind that, for the same type of dust, and filtering up to the same 
maximum pressure loss, but using an increased gas velocity, the absolute resistance 
of the corresponding cake and hence cake thickness, according to Darcy, is expected 
to be decreased (R c '=A pc/U , Equation 3.1 VI). Taking into account an increased 
specific resistance to flow of a cake deposited at a higher filtration velocity, the cake 
thickness is expected to be reduced even further. Thus, in Hahnheiser's work removal 
stresses of cakes are compared, the thickness of which might vary substantially.
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Hahnheiser also investigated cake removal performance for a variety of different filter 
media. For the same kind of dust and using the rigid polystyrene filter, he clearly 
obtained higher values for the necessary cake removal stress than were necessary for 
removal from flexible filter media. Hahnheiser attributed this decrease in cake removal 
stress to an increasing shear component acting on the bond between cake and 
medium, as already considered above in connection with a variation in filtration 
velocity. The increasing shear stress with increasing flexibility of the medium may be 
the result of the expansion under load and subsequent contraction of the flexible 
medium at the end of the filtration cycle (off-line cleaning). Hahnheiser tried to 
correlate cake removal performance with the "compressibility" of the filter medium 
and confirmed a decrease in cake removal stress with decreasing "rigidity" of the 
medium. However, the range of media which were investigated differed also in 
respect of their physical and chemical surface properties.
Hahnheiser characterised the flexibility of a medium by investigating its reduction in 
thickness under a discrete compressive stress. The load range was varied in discrete 
steps between 0.2 and 12.5 kPa. According to the following equation he introduced a 
filter medium specific "compressibility" index:
■M ' •M ,0  ' ' “'com pr(G,« or/Pa)" (3.2,1)
h^: Thickness of filter medium under compressive stress a
h ,^o: Thickness of filter medium under zero compressive stress
Ocompr.: Compressive stress in Pascal (Pa)
n: "Compressibility index"
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The work of Morris et ai.
Morris et a!. (1987,1981,1982) developed a practical method to obtain information 
about the fraction of dust cake removed from a filter as a function of the acceleration 
exerted by an impulse tester on a flat sheet of flexible fabric. The apparatus is 
designed to simulate the conditions experienced in a full scale pulse-jet cleaned bag 
filter. For controlled dust cake removal the necessary cleaning stress is applied to the 
cake by subjecting the rigid filter frame, which is aligned horizontally with the cake 
facing downwards, to an upward acceleration in the direction of the clean side of the 
filter, i.e. away from the cake. This means that the bonds between cake and filter 
experience a tensile stress due to the inertia of the cake. As the set acceleration is 
increased more cake is removed. The mass of the cake remaining on the filter was 
determined after each step (cumulative testing). The acceleration was pre set by 
tensioning a spring to a given load and measured using a very light accelerometer 
fastened to the clean side of the filter.
The median cake removal acceleration, aso, taken from the results of a complete 
removal experiment (Morris et ai. (1987)), plotted against cake loading, W, show that 
less cleaning action, here acceleration, is needed for removal of thicker cakes (Fig. 
3.2a). This trend is expected, since a larger cake mass requires a smaller acceleration 
in order to produce the same inertial force acting on the cake. Conversion of the 
acceleration data into cake removal stresses by multiplication with the corresponding 
cake loading (according to Fig. 2.2c) resulted in a clearly reversed tendency (Fig. 
3.2b). Thicker dust cakes require higher cleaning stresses. The median removal 
stresses, Ogo, obtained for cake loadings between 180 and 969 g/m^ vary between 
30 and 90 Pa.
In contrast to Hahnheiser, Morris et ai. attributed the increase in cake removal stress 
due to an increased areal cake mass entirely to an enlarged "shear area" at the 
perimeter of an element of cake to be removed from the filter medium, due to the 
increased thickness of the cake. Morris et ai. supported this interpretation by a 
theoretical model which is presented in Chapter 5.3, where different approaches to 
physically model dust cake removal are reviewed.
In more recent work Morris (1995) addressed the effect of a variation in particle 
characteristics on the cake removal stress measured using the same test system as
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described above. In particular, PVC dust (polyvinyl chloride), carbon black (99.99%  
pure carbon), glass fibres and chalk were used as test dusts. PVC and chalk had 
similar particle sizes with an approximate aerodynamic median diameter of 1.5 pm, 
whereas carbon black was described as mostly sub-micron. The typical glass fibre 
diameter was given as 0.5 pm with a length up to 1-2 mm. Two different filter media 
have been tested, reflecting two main types of industrial products. As "standard" 
medium a polyester needle-felt (singed surface) was chosen. For comparison, selected 
tests were also carried out on a PTFE membrane coated medium.
The tests using the four types of dust were performed at ambient conditions of 
temperature and humidity, using the standard medium. The cake removal tests 
showed that PVC is the most adhesive of the samples with median cake removal 
stresses between 800 and 200 Pa for a range of cake loadings between 200 and 700  
g/m^. Morris interpreted the data for PVC as decreasing with increasing cake mass. 
Both carbon black and chalk showed cake removal stresses between 20 and 200 Pa 
for cake loadings between 50-300 g/m^ for carbon black and 400-1100 g/m^ for 
chalk. Glass fibres were found to need very low stresses for cake removal for a range 
of cake loadings between 200 and 400 g/m^. For all but the lightest cake masses, the 
cake was removed in a single spall, suggesting that the cohesion between the glass 
fibres is relatively high compared with the cake adhesive properties. In addition, the 
influence on cake removal stress using a relative humidity of the carrier gas close to 
100% was investigated as well as a direct injection of a water spray. Water injection 
increased cake adhesion while the high relative gas humidity reduced it.
Finally, Morris addressed the effect of dust particle charging using the two types of 
filter medium and chalk as challenging test dust. For the coated filter medium 
application of an electric field in order to maximise particle charging resulted in a 
strong increase of the necessary cake removal stress compared with the cake 
removal data obtained without extra particle charging. For the standard needle-felt the 
reverse tendency was found: extra charging of the dust appeared to decrease cake 
removal stresses. Most interesting for this review to mention is that the removal data 
obtained for this test series (chalk dust) using no charging for both media lie in the 
range between 25 and 80 Pa for cake loadings between 350 g/m^ and 1400 g/m^. 
For the PTFE coated medium the data seem to indicate an increase of median cake 
removal stress (25-80Pa) versus cake loading (400-1400 g/m^) which could be
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interpreted as being almost linear. In terms of actual stress values and trend obtained, 
the resulting data look very similar to those Morris et al. (1987) presented earlier (Fig. 
3.2a&b). It is this latter set of cake removal data which is mainly referred to in the 
further course of this review.
The work o f Sievert
Sievert (1988, Sievert & Loffler 1987) carried out cake removal experiments at a 
laboratory bench scale using a flat-sheet test filter. Both acceleration of the filter 
medium and reverse flow were used to remove a deposited dust cake from the 
surface of a non-woven fabric in order to investigate the contribution of each of these 
cleaning processes to the overall cleaning performance of a real pulse-jet filter. 
Sievert used one size of challenging dust and varied cake loading, filter surface 
structure and filter flexibility.
For the acceleration experiments Sievert used an apparatus where the filter, held in a 
frame on a carriage, is accelerated towards a stopper. At the moment of impact the 
filter experiences an abrupt deceleration causing cleaning of the filter due to inertial 
forces acting on the cake. Using different impact velocities, different accelerations 
were induced on the deposited dust cake. The acceleration transient was measured 
using a miniature accelerometer fixed to the clean side of the fabric. In order to obtain 
a complete cake removal curve, a series of "one-shot' -type removal experiments was 
performed. Cleaning of the filter elements by reverse flow was facilitated by 
application of a controlled, gradually increased reverse flow to a single deposited 
cake, resulting in more and more cake removed. After each cleaning step the amount 
of dust removed was recorded (cumulative testing) and the corresponding overall 
pressure loss across the filter determined. Experiments were performed using 
different dust loadings between 50 and 1000 g/m^ deposited onto three types of 
polyester needle-felt of different surface finishes. Additionally a chemically stiffened 
felt with a significantly reduced flexibility was used in order to investigate the 
influence of filter medium flexibility on regeneration behaviour.
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The experimental results obtained from the acceleration removal experiments showed, 
as in Morris' work (1987), that a reduced acceleration is required to remove thicker 
cakes (Fig. 3.2a and 3.2c). The data converted as cake removal stress, 0 5 0 , plotted 
against cake loading, W, for the flexible needle-felt with a singed surface and the 
chemically stiffened medium are shown in Fig. 3.2b and Fig. 3.2d respectively. A 
dependence on both cake loading and filter flexibility is evident. The calculated 
median removal stress increases with increasing cake thickness as with Hahnheiser's 
and Morris' results, confirming that thinner cakes seem to adhere less strongly to 
filter media. The median removal stresses for the flexible fabric vary between 20 and 
100 Pa for cake loadings between 50 and 1000 g/m^.
Sievert observed a non-linear dependence of median removal stress on cake 
thickness. This dependence is much stronger for the stiffened filter medium than for 
the felt with the singed surface, with median removal stresses for the stiffened filter 
medium approximately one order of magnitude higher than the cleaning stresses for 
the flexible felt (about 100-1400 Pa). Again, as with Hahnheiser (1970), this 
difference in cleaning performance was attributed to enhanced flexing and bending of 
the flexible felt causing additional shear stresses, straining the bonds responsible for 
cake retention. Sievert also attributed the increasing removal stress for increasing 
cake loading to a higher compaction load imposed on the cake during filtration due to 
the higher resistance to flow of thicker cakes. This compaction of the cake could then 
result in a flattening of single particle contact points in the plane of fracture or a 
decreased porosity of the cake and hence a higher number of contact points at the 
medium surface due to collapsing of voids.
The results obtained from the reverse flow cleaning tests are shown in Fig. 3.2e, 
plotted as median area-related reverse flow rate, i.e. "superficial velocity", versus 
cake loading. These data show the same tendency as the acceleration data 
(acceleration versus dust loading): thicker dust cakes require less cleaning action, 
either in terms of reverse flow or acceleration. Again, for the chemically stiffened 
filter medium a higher cleaning action, here flow rate, in comparison to the flexible 
felt is required. An increase of the cleaning gas flow necessary for cake removal of 
thinner cakes in general is to be expected because of the reduced absolute resistance 
to flow (see Fig. 2.2c). For a given reverse flow, thicker cakes experience a higher 
differential pressure loss and hence an increased tensile cleaning stress.
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In addition to the reverse flow data Sievert presented the data for the corresponding 
median total differential pressure across fabric and remaining cake (Fig. 3.2f) for the 
flexible felt with a singed surface only. The tendency remains the same as in Fig. 
3.2e for the flow rates, i.e. high flow rates result in high pressure losses. In 
comparison with the corresponding removal stress data from the acceleration 
experiments for the flexible fabric (Fig. 3.2b), this clearly shows a reversed tendency, 
i.e. thin cakes need high total differential pressures but low removal stresses whereas 
thick cakes require higher cleaning stresses but lower total differential pressures using 
reverse flow cleaning. For higher cake loadings the two curves converge against each 
other and in fact meet at around W = 900 g/m^.
With his work Sievert also showed that both cleaning mechanisms can cause entire 
cake removal and that therefore both methods can act in a complementary way 
during pulse cleaning of fabric filters. In addition Sievert observed that the size of a 
patch of cake removed is dependent on cake thickness. Thin cakes were cleaned off 
in patches of small size, whereas thick cakes came off in the form of large fragments.
The main question arising when comparing the experimental results obtained for two 
different cleaning methods, is whether it is possible to determine quantitatively the 
actual removal stress acting on the cake using reverse flow cleaning, for comparison 
with the removal stress data from the acceleration tests. It is of major interest 
whether the two techniques actually yield the same results in terms of cake removal 
resulting from a given stress acting on the cake. Since Sievert's work produced sets 
of cake removal data obtained by reverse flow cleaning as well as by acceleration, 
Seville, Cheung and Clift (Seville et a!., 1989a) analysed the experimental data 
(Sievert & Loffler, 1987) with the intention of clarifying the apparent difference 
between acceleration removal stress data and reverse flow pressure loss data.
Direct application of Cheung's analysis (eqn. 3 .1 ,VII) was not possible, because no 
information on filter medium and dust cake resistances was given in the available 
publication. Lacking this essential information, Seville et ai. tentatively considered the 
specific resistance to flow of the cake as well as the critical cake removal stress to 
be independent of cake loading.
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In this case it is evident (eqn. 3.1,V) that the flow rate necessary to impose a distinct 
critical pressure loss, i.e. critical tensile cleaning stress, on cakes of different 
thickness is inversely proportional to cake thickness and hence cake loading. If, for a 
thick cake, a low flow rate is used to impose the necessary tensile cleaning stress on 
the cake, then the corresponding pressure loss across the filter medium will be less 
than in the case of a thin cake. Consequently, the critical total pressure loss is 
expected to decrease with increasing areal cake mass (Fig. 3.1c). Seville et ai. 
expressed the above consideration in the form of an equation:
— '^ Pc.cr + Ur (3.2,11)
where the subscript cr indicates critical conditions for cake removal.
Taking the Apj,5o values from Sievert's removal data for cleaning by reverse flow 
(from Fig. 3.2f) as the critical point of cake removal, a plot of Apj 5o= Apjcr against 
the corresponding critical superficial gas velocity, Upcr, (from Fig. 3.2e), shows that 
this relationship is indeed linear with an intercept of 60 Pa and a gradient of 0.56  
Pa/(m/h) (Fig. 3.2g). This gradient equals the specific resistance to flow of the 
contaminated filter medium. From Equation (3.2,11) the intercept should be Apc^r: 
physically, this intercept represents the limit of very thick cakes so that Apj,cr 
converges against Apc,cr as Apm, the corresponding pressure loss across the medium, 
becomes negligible. If some other point on the cake removal curve is taken as the 
critical cake removal point {e.g. f = 0.25 or f = 0.75) this affects the gradient of the 
line on the Apj,cr versus Upcr plot, but not its intercept, as shown in Figure 3.2g. 
Comparing the cake strength value of 60 Pa derived from the approach above with 
the median removal stress data Sievert obtained for his acceleration test (30-90 Pa) it 
is evident that the two methods give very similar results for cake removal stress. 
Seville et ai. emphasised that Equation (3.2,11) is strictly only applicable to a one-shot 
reverse flow test, in which the filter is cleaned directly to a given proportion of cake 
removal, rather than incrementally, as in Sievert's experiments.
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The work o f Aguiar and Coury
Aguiar & Coury (1992) characterised cake removal stresses for phosphate dust cakes 
on a flexible polyester needle-felt (flat filter geometry) using the reverse flow 
technique. They used three different size fractions of dust; however, full cake 
removal data were only given for one of the tested fractions (Stokes mean particle 
diameter: 15 |nm). From the complete cake removal curves presented by Aguiar & 
Coury the median reverse flow rate and corresponding total differential pressure for 
different cake loadings have been extracted and are shown in Figure 3.2f. The data 
show the same trend as found by Sievert for the reverse flow experiments: both 
median (area-related) reverse flow rate, Ur,5 0 , and corresponding total pressure loss, 
ApT,5o, decrease with increasing cake loading.
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In order to extract the actual cake removal stress from the total pressure loss data 
Aguiar & Coury applied the analysis suggested by Seville et al.. The data evaluation 
confirms the approach of Seville et ai. (1989a), as well as the actual value obtained 
for the critical cake strength; a y-axis intercept of approximately 6 8  Pa. Comparing 
the slope of the straight lines obtained, representing the flow resistance of the 
medium according to Equation (3.2,11), it is evident that they are nearly identical (0.56 
Pa/(h/m)T While Seville et ai. from the analysis of Sievert's data obtained different 
slopes for the straight lines in Figure 3.2g, representing the flow resistance of the 
medium, for different cleaning stages Aguiar & Coury did not find such a deviation 
when they based their analysis on different percentage cleaning points. However, 
they presented the data in this form for percentage cleaning between 45-60%  of cake 
remaining, whereas Seville et ai. looked at 25 and 75%  of cake remaining in addition 
to the 50% values.
For the other two dust size distributions of different mean particle size Aguiar & 
Coury present the cake removal stress data derived according to the procedure 
presented by Seville et a!.. The resulting relation between representative particle size 
and experimentally determined removal stress has been used for theoretical 
predictions of the strength of the bond between cake and medium. This approach is 
referred to in Section 5.3.
The work o f De Ravin
De Ravin (De Ravin et ai. (1988), De Ravin (1986)) based his design for an apparatus 
for characterising dust cake removal on Morris' design (1987) with the intention of 
establishing a routine method for prediction of bag filter performance. De Ravin took 
the investigations further by covering a variety of different combinations of dust and 
flexible filter media with different surface treatments, and a range of cake loadings 
between 200 and 2400 g/m^. In contrast to the workers cited earlier, he found his 
results for median cake removal stresses to be independent of cake loading. The 
median removal stresses determined were between 40 and 150 Pa.
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For the tests with two types of fly-ash (from power stations at Eraring and 
Munmorah), removal stresses were approximately constant, i.e. independent of cake 
loading and surface treatment. Experiments using Eraring fly-ash were performed with 
a woven singed and an untreated fabric (for both, O5 0 : 55 Pa). The experiments using 
Munmorah fly-ash were done with a singed and a non-singed needle-felt (for both, 
O5 0 : 40 Pa). For alumina as test dust, a difference was found in removal stresses for 
the different surface treatments used. For a PTFE needle felt, a low removal stress 
(0 5 0 : 40 Pa) independent of cake loading was obtained. Using a calendered fabric 
resulted in a higher median removal stress of about 75 Pa, again independent of cake 
loading. Only the median cake removal data for alumina on the untreated felt show 
the exponential increase with cake loading, similar to what has been found by 
Hahnheiser, Morris and Sievert (Fig. 3.2b). In general, the removal stresses obtained 
by De Ravin are of the same order of magnitude as the data reviewed above.
The work o f Cheung
Cheung (1989, 1988), the author's predecessor at the University of Surrey, 
investigated the regeneration performance of rigid ceramic filter media using a 
laboratory-scale coupon test apparatus for determination of cake removal curves. 
Since reverse flow, or pulse, is the only cleaning method for rigid ceramic filters in a 
real application, the tests were performed using a gradually increased reverse flow for 
cake removal (cumulative testing). For each cleaning step, the reverse flow rate was 
set and the corresponding pressure drop across the partially cleaned filter, and the 
fraction (by weight) of the cake removed were determined.
Cheung has shown that with reverse-flow cleaning the tensile cleaning stress 
imposed on the cake equals the pressure loss across the cake (Fig. 2.2c). For 
evaluation of the cake removal data Cheung proposed the simple analysis for 
determination of the actual tensile cleaning stress acting on the cake at each stage of 
a removal experiment (eqn. 3 .1 ,VII). Applying this approach to his experimental data, 
Cheung obtained no variation in cake removal stress for different cake loadings from 
his experiments, using gasifier char and fly-ash as test dusts. Cheung obtained cake
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removal stresses which were approximately two orders of magnitude higher than 
those for fabric media with dusts of similar characteristics. This trend is consistent 
with the observations Sievert made for the chemically stiffened filter medium, as well 
as with Hahnheiser's findings for different stiff filter media.
In addition to coupon-scale removal experiments at ambient conditions, Cheung also 
addressed cake removal at elevated temperatures up to 900°C . The results of these 
experiments however will not be reviewed here, since this review is restricted to 
investigations carried out at ambient conditions.
Repeated cleaning o f flexible filter media
Tsubaki at a i (1982) carried out investigations on dust cake removal using 
acceleration. For the acceleration tests, the cleaning action was repeated over a large 
number of times. In some cases, dust continued to be detached even after 20 
repeated cleaning cycles. Xu (Xu (1994) and Xu et ai. (1994)) also addressed this 
aspect of repeated cleaning in connection with their experimental work on the 
cleaning performance of mechanically shaken bag filters. Since rigid ceramic filters 
are commonly cleaned by application of a - single - reverse pulse after each filtration 
cycle the aspect of repeated cleaning will not be addressed in the present work.
Effect o f manipulation o f dust cake formation on cake removal performance
An increase in filtration velocity, a decrease in mean particle size as well as a wider 
particle size distribution and a higher compaction load, i.e. a higher pressure loss 
across the cake due to an increased cake loading, usually result in a denser cake. This 
is to be avoided for the filtration cycle since overall pressure loss will increase 
substantially and therefore operating costs. The experimental results of Hahnheiser 
(1970), Sievert (1988) and Morris (1987) seem to confirm that a decrease in mean 
particle size of the dust (Hahnheiser (1970)) and an increase in compaction load, i.e. 
cake loading, result in a higher strength of the cake. However, for cleaning, a
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distinction must be made between the actual stress which has to be exceeded and 
the necessary cleaning action required for cake removal. As can be seen from most of 
the experimental results reviewed, the thicker the cake the less cleaning action is 
needed. For reverse flow cleaning one could also say, the denser a cake, for a 
constant mass, the better, provided that the adhesion of the cake to the medium 
stays approximately constant.
Manipulation of the cake formation process by improving the agglomeration behaviour 
of the dust, i.e. its cohesivity, by electrostatic means or by using additives to the 
dust-laden gas, commonly increases the porosity and decreases the resistivity of the 
cake. This is desirable for the filtration cycle. For time-controlled cleaning, the cake 
loading would be the same as for the non-manipulated case. Considering pressure- 
controlled cleaning, a cake manipulated towards a A ^er porosity will obviously be 
heavier and hence, in terms of acceleration, be easier to remove, provided that the 
adhesive strength has not been increased by the improved cohesivity of the dust. 
However, the number of contact points in the plane of failure can be expected to be 
reduced, due to the creased porosity of the cake, which might even counter 
balance the effect of the enhanced cohesivity of the cake.
Considering only reverse flow cleaning, time-controlled cleaning will require more 
cleaning gas flow since the manipulated cake will have a decreased resistance to 
flow, provided that the adhesive strength stays approximately constant. For pressure- 
controlled cleaning with the same latter assumption the required flow rate for 
cleaning should remain the same. However, one additional consideration is that a 
cake formed of more cohesive particles is expected to be cleaned off in the form of 
bigger pieces and hence should be easier to remove. Dust cakes consisting of less 
cohesive particles might break up more easily at some points before the full pressure 
drop across the cake has been built up. The cleaning air may then be released through 
these areas and can cause cleaning to be inhomogeneous.
These general considerations will be illustrated now by quoting some experimental 
studies on the effect of carrier gas additives on dust filtration and cleaning 
performance.
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Relative gas humidity
Reviewing experimental work on the effect of carrier gas relative humidity on filtration 
performance Loffler (1988) cited Durham & Harrington (1971) and Abbott & Horis 
(1980). Durham had found an increase in separation efficiency with increasing 
relative humidity. Abbott could not find such an effect under similar experimental 
conditions. Durham attributed his findings to a pre-agglomeration of the dust in the 
challenging gas due to the higher humidity. Pre-agglomeration would then affect the 
separation efficiency as well as the structure of the cake. An increased trend for 
agglomerates to form at an increased relative humidity was also found by linoya & 
Mori (1979) in model experiments.
Ariman & Helfritch (1977) also investigated experimentally the effect of relative 
humidity of the carrier gas on the pressure loss of the deposited cake. They clearly 
obtained a decreased pressure loss across the cake for an increased relative humidity, 
using a bench scale model filter system (flat-sheet) and different kinds of challenging 
dust (fly ash, silica, gypsum, asphalt plant rock). However, Ariman & Helfritch point 
out that the underlying fundamentals are not fully understood. They propose three 
possibilities which could also act in a complementary way:
• the effect is based on the above-mentioned pre-agglomeration in the raw gas 
leading to a more porous cake
• a more porous cake is formed deposition of more cohesive particles due to the 
higher relative humidity
•  there is an interaction between electrostatic charging of the dust and relative 
humidity and thus adsorbed moisture
Pilz & Loffler (1995) presented a series of cake removal experiments addressing the 
influence of relative humidity on dust cake strength. For these tests centrifugal 
cleaning had been used. Dust cakes (CaCOg) had been formed under a wide range of 
different carrier gas relative humidities between 3 and 97% , up to a maximum 
filtration pressure, loss of 1000 Pa. Corresponding specific cake resistances were
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shown to be approximately independent of gas relative humidity up to a value of 
around 60 %, indicating that the cake structure remained constant. The specific 
resistance to flow of a cake laid down at a relative humidity of 97%  was found to be 
significantly reduced. Correponding removal experiments using centrifugal 
acceleration resulted in median removal stresses between 30 and 65 Pa. For the cake 
formed at 97% relative humidity, a significantly smaller median removal stress of 
around 15 Pa was measured. The result was attributed to the reduced porosity 
resulting in a reduced number of contacts in the interface of cake and medium. This 
result is consistent with the work presented by Morris (1995) who also found a 
decreased removal stress using mechanical acceleration for a cake (chalk) filtered at a 
relative humidity of the carrier gas close to 1 0 0 %.
Chemical additives
This critical balance between an increased porosity of the deposited cake and hence a 
lower resistance to flow on the one side, and on the other side a possibly increased 
cake adhesion due to the same increased cohesivity of the deposited dust, has also 
been demonstrated in connection with dosing of chemical additives to the carrier gas 
flow, also referred to as gas "conditioning".
Miller (1992) found a decrease in pressure loss and an increase in separation 
efficiency when dosing chemical additives (NH3 and SO3 ) to the dust laden gas flow. 
They filtered flue gas from the combustion of Monticello Texas Lignite in a reverse- 
pulse bag-house containing a single bag, using time-controlled cleaning. In comparison 
with the non-treated case, they obtained a significant reduction of both the maximum 
pressure loss and the base-line pressure of the cleaned medium itself, both being 
stable in an experiment over more than 400 hours. Since time- controlled cleaning 
was used, the pressure difference across the cake for the same reverse gas cleaning 
action can be expected to be much lower for the "conditioned" case. The result 
seems to indicate that the increased cohesivity of the dust resulted in a more porous 
cake but not in a stronger adhesion of the cake to the medium.
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Humphries et al. (1991) tried to obtain the same result for gas-borne dust from 
combustion of Australian coal. Ammonia injection resulted in an increase of both the 
maximum pressure loss as well as the base line resistance. Based on the increased 
cohesivity of the dust, dislodgement of the cake during filter regeneration was found 
to be more difficult than in the non-treated case. There were indications that the dust 
cake itself had a lower resistance to flow for the ammonia conditioned ash. However, 
this effect soon became dominated by the increase in initial pressure loss due to poor 
cleaning. It was speculated that the difference in the effect of the increased 
cohesivity of the dust on filtration performance in comparison with, for example. 
Miller's work was due to differences in coal and fabric type.
3.3  Conclusions and questions to be addressed 
Cake formation
Surface or barrier filters are designed to form a cake at the surface of the medium. 
After an initial period of depth filtration during which the challenging dust is separated 
at the fibres or elements of the medium by various separation mechanisms, a cake is 
usually formed when the surface layer has been closed up by particle bridge 
formation above pores. The built-up cake then becomes the, much more efficient, 
filter medium with further deposited dust being separated by a sieving mechanism.
Cake removal
After a certain filtration time, or when a critical pressure loss is reached, cleaning is 
achieved, most commonly, by application of a jet-pulse or reverse flow to the clean 
side of the filter. For flexible filter media the loaded medium is accelerated outwards 
and when it reaches its elastic limit the cake is thrown off due to inertial forces acting 
upon it. For rigid media it is only the reverse flow which puts the cake under a tensile 
stress. The critical stress which is required for effective cake removal for a certain
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combination of filter medium, challenging dust and operating parameters still has to 
be determined experimentally and cannot be predicted a priori. Most commonly, 
experimental investigation is done using a laboratory-scale apparatus in order to avoid 
the costs and the scale of a real experiment. Usually a small, flat sheet or coupon of 
the medium is used for characterisation of cake removal performance. The deposited 
cake is either removed by application of a controlled, gradually increased reverse flow 
or pulse or by a mechanically induced or centrifugal acceleration, since reverse flow 
and acceleration represent the main cleaning methods available for surface filters.
For determination of the correlation between applied cleaning action and fraction of 
cake remaining, one can distinguish between cumulative testing, where the same 
cake is subjected to a gradually increased cleaning action, and a "one-shot" test, 
where one cake is subjected once only to a preset cleaning action. Most commonly a 
cake does not come off at once but more and more cake is removed with increasing 
cleaning action. Usually one set of cake removal data, referred to as a cake removal 
curve when presented graphically, is characterised by the median cleaning action 
required for 50% of the cake to be removed.
Experimental work on characterisation o f cake removal performance
In order to determine quantitatively the cleaning action necessary to remove a certain 
fraction of initially deposited cake from a filter surface, different experimental 
methods had been used, as reported on in the open literature. These methods, mainly 
at a laboratory lab-bench scale, i.e. flat-sheet or coupon tests in order to allow control 
of filtration and regeneration conditions, are based on either simulation of an abrupt 
cleaning by accelerating the filter plus cake followed by a sudden deceleration or, by 
reverse flow cleaning. As an alternative to the mechanical acceleration test, a 
centrifuge (Hahnheiser, 1970) has been used, imposing the cake removal stress more 
in a quasi-static manner, thus coming closer to conditions during reverse flow 
cleaning where the applied cleaning gas flow rate is gradually increased.
Most of the results on cake removal have been determined in the context of flexible 
filter media and, although different dusts, filter media, filter geometries and ways of 
acquiring the data had been used, the data are of the same order of magnitude (0 5 0 :
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30 -150 Pa). For acceleration, in most of the cases the median removal stress was 
found to increase with cake loading; however some works could not find a clear 
dependence {e.g. De Ravin, 1986), but rather interpreted the data to be independent 
of cake loading. For higher cake loadings (>  800 g/m^) removal stresses appear to 
converge asymptotically to a stable value. Although different experimental variants of 
applying the necessary acceleration (mechanical, centrifugal) and different ways of 
acquiring the data (cumulative and one-shot experiments) have been used, the trend 
remains the same. In contrast to Sievert (1988), Morris et al. (1987) interpreted the 
dependence of median removal stress on cake loading as being linear with an off set 
representing the stress necessary to overcome the adhesion of an infinitesimally thin 
dust layer to the filter medium. Sievert (1988), as Hahnheiser (1970) attributed the 
increasing removal stress with increasing cake loading to an increased "pressing 
force" acting on thicker cakes during filtration. Higher pressing forces during filtration 
can lead to cake compression resulting in a decreased porosity of the cake and hence 
a higher number of contact points in the plane of fracture. Simultaneously, particle- 
particle forces can be increased due to a reduced interparticle distance, intermeshing 
of particle surface asperities and flattening of contact points (see Section 5.1).
For reverse flow cleaning (Sievert (1988), Aguiar & Coury (1992)) the median total 
pressure loss across the filter and remaining cake showed an exponential decrease for 
increasing cake loading, again with the data seeming to converge against a stable 
value. In a simple geometric analysis based on Darcy's law, Cheung et al. 
(1988,1989) showed that, in order to impose the same stress for removal onto a 
thinner cake, a higher flow rate is required and hence a higher pressure loss 
contribution across the medium is expected. Therefore, a corresponding curve for the 
differential pressure across the cake alone is expected to be lower than the total 
pressure loss curve and to deviate more and more from it for decreasing cake loading. 
Whether this explains the difference between the two different curve shapes for 
cleaning by acceleration and reverse flow has not been confirmed yet experimentally. 
The question still remains open, whether, in terms of actual stress acting on the cake, 
the two different methods give the same result.
Assuming in a first approximation that the removal stress is independent of cake 
loading, Seville, Cheung and Clift (1989) advanced an analysis of Sievert's cake 
removal data obtained by reverse flow, based upon the thinking of Cheung (1989,
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1988). They derived a unique representative cake removal stress value as the 
intercept with the y axis of a straight line through the median total pressure loss 
values for reverse flow cleaning plotted against critical superficial reverse flow 
velocity. Essentially, the idea of the approach is that for a thick cake eventually the 
contribution of the pressure loss across the medium to the overall pressure loss 
during cake removal by reverse flow becomes negligible. The result was found to be 
in good agreement with the acceleration data acquired by Sievert. Aguiar & Coury
(1992) confirmed for a set of reverse flow cleaning data obtained under similar 
conditions this approach to evaluation of the corresponding experimental data. 
However, the approach of Seville et al. (1989a) is strictly speaking only applicable for 
complete removal of an intact cake with the possibility to measure the total 
differential pressure across filter and cake at the moment of dislodgment.
For rigid media, cake removal stresses obtained by reverse flow cleaning (Cheung 
(1989,1988)) were found to be approximately 1 to 2  orders of magnitude higher than 
corresponding values for flexible media and the removal curves appear to be much 
more skewed. This trend has been confirmed by tests with a chemically stiffened 
flexible felt by Sievert (1988). The question is whether the tremendous increase in 
median removal stress has to be attributed to a lack of flexing and bending only, 
straining the bonds between cake and filter. There is no information on acceleration 
removal data for rigid ceramics available yet. Due to their inherent rigidity, ceramic 
filter media seem to be suitable for a more fundamental investigation of cake 
strength, since no flexing or bending of the medium can cause additional shear 
stresses to act on the bond between cake and medium. Coupon experiments using 
inertial forces for dust cake removal might well be a method to obtain information on 
cake strength, but because reverse-flow cleaning is the only cleaning mechanism for 
rigid ceramic filters the relevance of acceleration tests still needs to be confirmed.
Conclusion and key issues to be addressed in the research programme
Concluding from the review and taking the open questions as discussed above into 
account, the resulting catalogue of issues to be addressed in the frame of this
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research work in order to advance common understanding of how to characterise 
cake removal performance is listed below:
Experimental
• Investigate the conditioning behaviour of a rigid ceramic filter medium in order to 
prepare conditioned filter coupons for cake removal experiments, thus simulating 
conditions closer to practical applications.
•  Investigate cake removal performance for a rigid ceramic filter medium using both 
cleaning processes, i.e. acceleration and reverse flow
• Address the effect of different conditioning histories, through which the 
characteristics of the interface between filter medium and deposited cake might be 
altered.
•  Address the influence of challenging particle size on both filter conditioning and 
regeneration
• Investigate the relationship between removed cake patch size and cake thickness
Conceptual
• Compare the experimental results obtained for cake removal using acceleration and 
reverse flow in terms of cake removal stresses.
• Relate the understanding developed to the reviewed experimental work, with 
particular emphasis on the difference in behaviour between rigid and flexible filter 
media
• Address possibilities for at least qualitative prediction of cake removal stresses
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Table T3: Investigation of dust cake detachment at ambient temperature
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4  Experimental work on filter conditioning and cake removal
4.1 Filtration test apparatus - experimental set-up
The intensity of cleaning action delivered to a filter candle varies with position so 
that this geometry does not lend itself to more fundamental test work. As for most 
experimental work on investigating filter cake strength (see Chapter 3) experiments 
were therefore carried out on flat "coupons" of filter medium using a test method 
which is adapted from the design used by Cheung (1989 ,1988). Figure 4.1a shows 
schematically the ambient coupon test apparatus employed in this work.
(1 ) compressed air
(4) dust feeder
(7) absolute filter
(2 ) air filter
(5) dispersion chamber
(8 ) (top) exit
(3) pressure reservoir
(6 ) filter coupon
(9) bag filter
Fig. 4.1a: Ambient coupon filtration test apparatus - schematic
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The flat disc-shaped test coupon of diameter 60 mm (exposed diameter 40 mm) and 
thickness 10 mm is mounted horizontally. The coupon mounting incorporates one 
port at each side of the filter for differential pressure measurement (Fig. 4.1 b). As 
carrier gas, compressed air was chosen which was regulated down to 1 bar gauge. 
During each filtration cycle, a metered and controlled flow of dust-laden gas passes 
upwards through the filter forming a dust cake on the lower surface of the filter. 
This filtration arrangement can be referred to as "dead-end" filtration in contrast to a 
cross-flow arrangement, where most of the dust-laden gas flow passes parallel to 
the filter surface, with only a small proportion being sucked through. It is claimed 
that the latter arrangement leads to a cake which is more representative of the cake 
deposited on a full filter bag or candle (Sievert (1988), see also Chapter 3). 
However, the simpler - and easier to facilitate - arrangement chosen here also allows 
the build up of a dust cake for investigating the strength of a particle assembly - the 
deposited dust layer - and its adhesion to the filter medium surface, which is the 
main intention of this work.
40 mm 0
Top part
10 mm
Bottom part
ports for
differential
pressure
measurement
Position of filter coupon
70 mm
Fig. 4.1 b: Filter coupon mounting
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During dust filtration, the increasing pressure difference across coupon and 
deposited cake is measured by means of a micromanometer and logged to a 
computer. The exhaust air, during filtration, leaves at the top of the systemK Here, a 
flow meter is attached in order to indicate the net/real filtration gas flow rate, i.e. the 
flow rate which actually passed through the filter (equipment up-stream of the filter 
showed some possibility for leakage). A humidity probe protruding into the exhaust 
air line is installed to monitor the relative humidity of the gas flow. In order to 
prevent any fine dust from leaving the system, an absolute filter is attached. All 
components of the actual filtration apparatus as well as the dust feeder are earthed 
in order to avoid electrostatic charging.
Cleaning of the loaded filter element is carried out by administering a reverse pulse 
of gas to the chamber above the coupon. The computer-controlled operation of the 
system allows both time- and pressure-controlled cleaning (see Section 2.2). Two 
fast-response strain-gauge pressure transducers are used to measure the differential 
pressure transient across coupon and cake during pulse cleaning. The corresponding 
signals are captured by means of a storage oscilloscope. During pulse cleaning the 
top exhaust is closed. In order to allow the applied pressure pulse to travel freely 
downwards and to leave the system readily once having passed the filter coupon, a
(V3)
butterfly valve^(dN = 50mm), controlling the bottom outlet of the chamber is opened 
during cleaning. Cleaning is done off-line, i.e. during the cleaning part of the cycle 
the dust feed is interrupted and all carrier gas flow leaves the system through the 
butterfly valve. Downstream of the valve, a conventional filter bag has been 
attached to collect the detached dust and to prevent any particulate matter from 
leaving the system. Due to a sufficiently large fitration area of this filter and hence, a 
low absolute resistance to flow, the cleaning gas is released readily without any 
significant pressure build-up down stream of the filter coupon. The system is 
therefore suitable for "conditioning" the filter medium with the challenging dust over 
numerous filtration and cleaning cycles, having almost constant cleaning conditions. 
Even after hundreds of cycles the flow resistance of the bag was found to stay low 
and approximately constant. As a result of this, the actual cleaning action, i.e. the 
differential pressure across the filter coupon during reverse pulse cleaning, is readily 
controllable and cleaning can be considered as cleaning against atmospheric 
pressure.
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Using the conditioning mode, hundreds of successive filtration cycles can be 
performed automatically, interrupted only by the short reverse cleaning pulses
in between. The resulting data give information about the change in resistance to 
flow of the medium with increasing number of cycles, referred to in plotted form as 
a "conditioning curve" (see Fig. 1, Chapter 1).
Cake removal by reverse flow
The experimental set-up also allows single controlled reverse-flow and reverse-pulse 
cake removal tests. For this purpose, a cake is laid down on the filter using the 
filtration mode after conditioning the coupon over a desired number of cycles. The
Wfiltration gas flow is cut off and the valve controlling the bottom outlet of the
chamber is opened. For the cake removal experiment, the cake can now be cleaned
off either by applying a gradually increased controlled reverse flow (quasi-static) or
pulse (dynamic) to the chamber above the filter coupon. Again, the detached cake is
collected in the filter bag downstream of the butterfly valve controlling the bottom 
( Vi)
outlet. The cleaning flow rate applied is controlled by means of a set of flow meters. 
The differential pressure across the filter is measured using the above mentioned 
micromanometer or in case of pulse cleaning the fast-response pressure transducers. 
The corresponding data are logged to the computer or, for the pressure pulse, stored 
on the oscilloscope.
Ceramic filter medium
The filter material used was Cerafil-S-1000 (supplied by Cerel Ltd.), a low density, 
fibrous, ceramic filter medium, consisting of silica, Si0 2  (56.3 % by weight), and 
alumina, AI2O3 (43.7 %). The porosity of this medium is about 8 6  (± 2 )%. The 
density is 350 (± 30) kg/m^ and the service limiting temperature is 9 0 0 °C (Cerel 
Ltd.). As the working face, the side of the medium was taken which had been in 
contact with the porous surface of the mould when filtering the liquid suspension of 
ceramic fibres during the manufacturing process.
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Fig. 4.1c: Fibrous, low density ceramic filter medium: Cerafil-S-1000 (Cerel Ltd.,
SEM photo (Scanning Electron Microscopy)
Employed dust dispersion device (dust feeder)
The entire carrier gas flow is passed through the "Wright dust feeder" (Wright
(1950), BIRAL (1989)) in which the gas flow is laden with the challenging test dust. 
Prior to the filtration experiment, the test dust is compacted into a cylindrically- 
shaped container. During operation of the dust feeding device the particles are 
dispersed by a fixed cutter head (with blade) scratching off a thin layer of the
surface of the compacted dust within the container which rotates with a chosen 
speed. The scraped-off particles enter immediately into the highly accelerated gas 
flow. A specifically inserted flow obstacle in the outlet of the feeder acts as an 
impact blade, thus ensuring proper dispersion of any remaining agglomerates. From
61
the outlet of the feeder the dust-laden gas is transported at a high velocity through a 
narrow tube of about 500 mm length to the injection nozzle into the chamber below 
the filter coupon, i.e. the filtration duct. The injection nozzle of 0 .5 mm diameter, 
directing the gas flow upwards, is placed in the centre of the cylindrical duct of 40  
mm in diameter. The vertical distance between nozzle and filter coupon is 280 mm. 
This distance was found sufficient to ensure a uniform dust concentration across the 
filtration duct cross-section.
Test dust
The test dust used in all of the experiments described here was a fine limestone 
(CaCOs). The original as-supplied size distribution, also referred to here as "mixture" 
was further sub-divided into a "fine", an "intermediate" and a "coarse" fraction.
I
E
. 2■D
I
CO
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10
1
original distribution 
intermediate fraction 
fine fraction
0.1
0.01 0.1 1 10 30 50 70 90 99 99.9
Percentage (by weight) under size
Fig. 4 . Id: Particle size distributions of the test dust
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The coarse fraction, however, finally proved impossible to feed reliably. It is well 
known that in redispersion of dust some classification usually occurs in the pipework 
of the apparatus. The extent of this "drop-out" was carefully monitored in this case 
and size distributions of the three dust fractions were obtained from the deposited 
dust cakes, not the original powder, using a Coulter LSI 30 diffraction sizer (solvent 
2-propanol). The original dust distribution was approximately log-normal with a mass 
median diameter of 2 .0  pm and a geometric standard deviation of 2.6. The fine 
fraction was also nearly log-normal with a mass median diameter of 1 . 8  pm and a 
geometric standard deviation of 1.9. The intermediate fraction was coarser with a 
mass median diameter of 3.5 pm and strongly cut off at both extremities of the 
distribution (Fig. 4 . Id).
4 .2  Filter conditioning
The intention of the experimental investigations on conditioning presented in this
work was principally threefold:
• to test the designed filtration apparatus with regard to its usefulness to 
investigate conditioning performance of filter coupons
• to investigate whether recognisable differences in filter operating performance due 
to a variation of operating conditions as well as dust characteristics can be 
identified as a basis for optimising the filter operation
to prepare filter coupons for subsequent cake removal experiments which, due to 
the conditioning procedure, match more closely industrial conditions in contrast to 
experiments with uncontaminated filter media
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The series of experimental investigations performed on filter coupon conditioning 
included a variation of:
•  the number of conditioning cycles
• the intensity of cleaning (pressure pulse duration & amplitude)
the challenging dust particle size ( x m m d : 1.8, 2.0 & 3.5 pm)
For all conditioning experiments, the following operating parameters were chosen:
Operating or "hardware" parameter
Flow rate 14.25 l/min
Filtration velocity 0.19 m/s
Carrier gas (compressed air) relative 
humidity
10-15 %
Filter area (effective) 1.257 10  ^m  ^ (A = (ti/4)(40 mm)^)
Mode of cleaning time controlled
Cycle time 2.5 min
Cake loading 1 0 0  g/m^ (approximately)
Set dust concentration corresponding to the dust fraction 
used, see graphs with experimental 
results
Table T4: Operating conditions for conditioning experiments
Filtering velocity
As mentioned in Section 4.1, all filtration gas flow is passed through the dust 
feeder. The minimum filtration flow rate which it is possible to use is determined by 
the required minimum flow rate necessary for attaining a proper dispersion of the 
dust. Due to the relatively small cross-section of the filtration duct, the resulting
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minimum filtration velocity is approximately 5 to 10 times higher than the average 
gas velocities which are common in industrial surface filter units and around 3 times 
as high as those used in other scientific investigations [e.g. Sievert (1988), Schmidt 
(1991)). For the experimental investigations presented in this work, a filtration flow 
rate of 14.25 I/m was chosen which corresponds to a velocity of 0 .19  m/s.
Although this value is relatively high, it was still considered as meaningful since the
primary aim of this study was to characterise the adhesion of a filter cake, a dust
compact, to the filter surface. The filtering velocity chosen resulted in the formation 
of very homogeneous filter cakes regarding their resistance to flow and hence 
porosity and structure, which in the frame of this work made the investigations 
easier.
In addition it is mentioned again (see Section 2.1) that along the axial length of a 
typical filter candle there can be significant variations in local filtration velocity under 
practical conditions. In the case of fractional cleaning, the local gas velocity in non­
cleaned areas will be clearly higher than the commonly determined mean gas
velocity. Correspondingly, at areas where cake remains, the local velocity is reduced 
in comparison with the superficial velocity. Morris et al. (1987), for example, 
considered a fractional cleaning efficiency of 50%  as common for industrial bag filter 
units. Finally, due to their mechanical strength in comparison with conventional 
fabric filter media, there is encouraging evidence that ceramic filter media will enable 
the use of higher filtering velocities, leading perhaps to a reduction in filter area and 
hence industrial filter unit size.
4.2 .1  Effect of a reduced cleaning action on conditioning
In a first series of experiments, the effect of a variation in cleaning intensity, i.e. 
pulse duration and amplitude, on conditioning behaviour was investigated. In 
particular, the cleaning intensity chosen from preliminary experiments was gradually 
decreased in order to identify whether an optimum conditioning behaviour could be 
identified, taking into account the development of the residual pressure loss curve.
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the maximum pressure loss curve as well as the pulse intensity, which represents 
the quantity of compressed cleaning gas needed. Adjustment of the pressure pulse in 
order to obtain a distinct pressure difference across the filter coupon was enabled 
using the pair of fast-response strain-gauge pressure transducers. The amplified 
signals of the transducers were sent to the storage oscilloscope (400 megasamples 
per second) which allowed the capture of the rapid pressure transient during 
cleaning.
As the starting value for the applied cleaning action, a differential pressure of 125 
kPa was chosen, since, in preliminary experiments this cleaning intensity had shown 
satisfying results regarding the stability of the residual pressure loss curve, i.e. the 
increase over time of the residual pressure loss stayed very low. In subsequent 
experiments the reservoir pressure was reduced resulting in pulse differential 
pressures across the filter coupon of 96.1, 78.7  and 23.1 kPa. For the first two 
settings, i.e. 125 and 96.1 kPa, a pulse duration of 1.3 s had been chosen. Again, 
this setting had been chosen as a starting value from preliminary experiments aimed 
at evaluating the general operating performance of the filtration apparatus. In order 
to match industrial practice more closely, for the pulse cleaning tests using 78.7  and
23.1 kPa the pulse duration was reduced to 300 ms. This value represents the 
minimum operation time for opening and closing the solenoid valve controlling the 
pressure reservoir. The pulse pressure amplitude of 23.1 kPa represents the 
minimum cleaning pulse possible to adjust with the existing equipment. A further 
decrease resulted in difficulties in maintaining a stable reservoir pressure over many 
cleaning and filtration cycles.
Figure 4.2.1 a shows the pressure transients corresponding to a pulse amplitude of
96.1 kPa and a pulse duration of 1.3 s. In the top diagram the two signals for the 
pressure on the clean pressurised side and the dirty side are recorded; no pressure 
build-up on the dirty side of the filter is observed. The difference between the two, 
shown as a smoothed signal in the bottom diagram, is identical with the signal on the 
clean side. Thus, cleaning occurs against atmospheric pressure, as intended with the 
chosen design of the filtration test apparatus. The observed decrease in maximum 
pressure
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over the pulse duration is attributed to the loss of cleaning gas pressure due to the 
gas expansion from the pressure reservoir into the filtration apparatus. During this 
short release time the supply of new compressed gas filling the reservoir is not fast 
enough to compensate for the rapid loss of gas during pulse cleaning.
Figure 4.2.1b shows the pressure transients corresponding to a minimum pulse 
amplitude of 23.1 kPa and a pulse duration of approximately 300 ms. Here, the signal 
amplitude, the maximum pressure value, stays almost constant over the entire pulse 
period apart from the relatively small "overshoot" at the beginning. This cleaning 
pulse amplitude and corresponding differential pressure across the filter medium can 
be considered as already relatively close to industrial conditions and corresponds 
with the range of cleaning pressures used for scientific investigations of the pressure 
build-up in real filter candles {e.g. Berbner & Loffler (1993), Laux et al. (1993) and Ito
(1993)).
For these conditioning tests the original, as-supplied calcium carbonate was used. 
The results are shown in Figures 4.2.1d-g, which present the development of the 
residual pressure loss and the maximum pressure loss, i.e. the total pressure loss at 
the end of the filtration cycle. The results show that the residual pressure loss 
curves are not affected significantly by a reduction of the cleaning action. However, 
on a larger scale (Fig. 4 .2 .1g) a comparison of residual pressure loss curves for 
various amplitudes of the cleaning action show a difference in the increase over 
time. For the least cleaning action (23.1 kPa) the corresponding curve lies on the 
highest level and does not indicate that a stable equilibrium has been reached after 
250 cycles.
Much more affected by the reduced cleaning action is the maximum pressure loss at 
the end of a filtration cycle (Fig. 4.2.1d,e,f). The maximum pressure loss of the 
conditioning trial with the minimum cleaning pulse amplitude (23.1 kPa) is 
approximately 30%  higher than the maximum pressure loss for a cleaning pulse of
96.1 kPa. This means that the increase in differential pressure loss cannot be 
attributed to an equivalent increase in the residual pressure loss. With a cleaning 
pulse amplitude of 23.1 kPa it has been visually observed that cleaning was not
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complete, and weight measurements confirmed this. In particular, some 
agglomerates of dust particles (about 1 mm in diameter) remained at the surface 
after the cleaning pulse, leaving approximately 1 0 % of the initially deposited cake on 
the filter. The remaining dust apparently does not have a big effect on the resistance 
to flow of the filter. However, it is possible that it leads to a steeper increase of 
overall pressure loss at the beginning of a subsequent filtration cycle, since a certain 
fraction of the filter surface is already covered with particles, and finally to an 
increased maximum pressure loss (Fig. 4.2.1c).
The conclusion drawn from the results of this test series is that conditioning is not 
only described by the residual pressure loss curve but also has to be characterised 
by the corresponding maximum pressure loss. This fact has to be considered
seriously because of its effect on economic filter operation.
II. I I I .
\
WA
(I): Filtration flow at the beginning of a new cycle (some dust 
from the previous cycle remained at the medium surface)
(II): New dust deposition leads to an increase in resistance to flow
(III): Maximum pressure loss at the end of the filtration cycle is 
reached
Fig. 4.2.1c: Tentative explanation for the significant increase in maximum
filtration pressure loss during conditioning using a reduced cleaning 
intensity (23.1 kPa, 300ms)
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Filtration cycle length
A filtration cycle length of 2.5 minutes was chosen for the investigations on 
conditioning. This cycle duration corresponded with an approximate cake loading of 
100 g/m^. This cake loading was considered as the lower end of cake loadings 
relevant for investigations on both filter conditioning and cake removal. Any loadings 
below 1 0 0  g/m^ represent a risk of having a very uneven, inhomogeneous areal dust 
mass because of the inherent roughness of the filter medium. Since, the aim of the 
study on conditioning was to detect the effect of a variation in operating, especially 
pulse cleaning, parameters on the development of the residual pressure loss it was 
assumed that a low cake loading per cycle will reveal changes earlier than a high 
cake loading. The word "earlier" is used here in the absolute sense, i.e. at a lower 
overall filtration time. A cake loading of 100 g/m^ must be considered as a relatively 
thin dust layer (appr. 0 . 1 mm), which does not give much enhancement of the 
filtration efficiency over that of the medium alone. Hence, seepage, i.e. penetration 
of particles into the filter medium is expected, leading to a possible irreversible 
increase in resistance to flow. On the other hand, a high cake loading, resulting in an 
increased filtering efficiency, is expected not to show more penetration of fines into 
the filter medium and hence, no further increase in filter medium residual resistance 
per cycle compared to a short cycle length. These considerations are obviously 
based on the intention to keep the dust concentration in the gas constant.
4 .2 .2  Effect of a variation in challenging dust particle size on conditioning
Addressing the effect of challenging dust particle size on conditioning, additional 
experiments were performed using the fine and the intermediate fraction. In both 
cases the parameters for the pulse cleaning action were a cleaning differential 
pressure of 23.1 kPa and a pulse duration of 300 ms. The result for the fine fraction 
is shown in Figure 4 .2 .2a in comparison with the result for the original distribution. 
The two filters used had nearly identical values for the flow resistances in the 
uncontaminated state. The shapes of the two residual pressure loss curves are
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nearly identical but with the final level of the residual pressure loss curve for the fine 
fraction being higher by 20 to 25% . This phenomenon can be explained by the 
absence of bigger particles in the fine fraction; such particles allow easier bridge 
formation above bigger pores to occur, and hence protect the filter surface from 
penetration of fines.
Due to feeding difficulties, conditioning experiments using the intermediate fraction 
were only performed up to 120 filtration and cleaning cycles. The intermediate 
fraction showed more difficulties during dispersion due to a reduced cohesivity in 
comparison with the other dust fractions. As for the other dust fractions the 
minimum pulse amplitude of 23.1 kPa with a duration of 300 ms was used. Up to 
this point of 1 2 0  cycles the difference in residual pressure loss development in 
comparison to the other size fractions was found to be insignificant (Fig. 4.2.2b).
4 .2 .3  Concluding remarks
In order to prepare conditioned filter coupons for removal tests 120-300 filtration 
and cleaning cycles were carried out using the original calcium carbonate 
distribution, the fine fraction and the intermediate fraction with mass median 
diameters of 2.0, 1.8 and 3.5 pm respectively. For these tests almost identical 
operating parameters were used. Only the set dust concentration deviated slightly 
due to the different compaction behaviour of the three size distributions, resulting in 
a different void fraction of the compacted dust for redispersion and hence a 
difference in feed rate. In order to optimise the cleaning action beforehand the effect 
of a gradually decreased differential cleaning pulse pressure was investigated for the 
original distribution only.
The results show that the residual pressure loss curve is not sufficient to 
characterise the conditioning performance fully but the maximum pressure loss curve
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must also be considered, the relative increase of which with decreasing cleaning 
action cannot be explained by the corresponding increase in residual pressure loss. 
Since a significant change of residual pressure loss development for a reduction of 
cleaning action was not evident, the minimum practical pulse pressure corresponding 
to a differential pressure of 23.1 kPa across the filter coupon was chosen for 
comparison of the different dust size fractions.
For the fine fraction in comparison to the original distribution, the resulting residual 
pressure loss was higher by approximately 20-25% . The experiments for the 
intermediate fraction were only carried out up to 120 cycles. Up to this point the 
development of the residual pressure loss was found to be not much different from 
the other fractions used. As mentioned above, the average dust cake built up during 
each filtration cycle of 2.5 min duration is characterised by an areal cake mass of 
about 100 g/m^. This must be considered as a relatively thin dust layer, giving not 
much enhancement of the filtration efficiency over that of the medium alone. I.e., 
these operating conditions must be regarded as already fairly severe: a thin cake, a 
high filtering velocity and, in the case of the intermediate fraction, a porous cake 
structure due to the content of coarse particles (concerning the low resistance to 
flow of a cake of the intermediate fraction in comparison with the others, see 
Section 4.3.2).
Conditioning for the original distribution as well as for the fine fraction was observed 
over a period of up to 300 filtration and cleaning cycles, which is equivalent to a trial 
time of 12.5 hours. Initially it was intended to test only over 150 cycles since in this 
case no change of the dust feed container would have been necessary. However, 
because stabilisation of the residual pressure loss curves did not occur over this 
period, the test time was doubled. Whether long-term performance is described 
sufficiently by these relatively short tests cannot be concluded from these tests. 
However, the new German industrial standard for testing filter media (VDI Richtlinie 
3926, Teil 2) suggests a conditioning test over 100 cycles for a first judgment to be 
made on a filter medium for a certain cleaning task.
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4 .3  Cake removal experiments using reverse flow
4.3 .1  Repeatability and cake removal performance as a function of filter 
conditioning parameters
The cake removal experiments presented in this section were performed using the 
coupons which had been conditioned at different cleaning intensities, i.e. different 
pulse pressure amplitudes (see Section 4.2.1), with the original, as-supplied, calcium 
carbonate as test dust. The main objectives were
• to get a set of removal curves for different cake loadings on a low-density fibrous 
ceramic filter medium
• to investigate the repeatability of removal performance
• to observe whether there is an effect of conditioning history on removal behaviour
Figure 4.3.1a shows cake removal curves plotted as fraction of cake remaining 
versus reverse flow for cake loadings of 1 0 0  and 1 0 0 0  g/m^ on the filter coupon 
which had been conditioned under strong cleaning conditions (tpgise = 1-3s, 
Ppuise = 96.1 kPa). Cake removal occurred gradually until at flow rates of 300-400  
l/min the initially deposited cakes had been cleaned off completely. For the thicker 
dust cake, less cleaning gas flow is required.
The corresponding overall pressure loss data are shown in Figure 4.3.1b with fraction 
of cake remaining plotted against pressure loss across filter medium and (partially 
removed) cake. It is evident that these curves do not differ much in their trend from 
the reverse flow data. The observed trend is that thinner dust cakes need higher 
overall pressure losses for effective removal. The removal curves can go below the 
horizontal axis as shown in the graphs for the cake loading of 100 g/m^. This occurs 
when a mass of dust has been removed which exceeds the mass of the initially 
deposited cake. This can happen when dust of the residual dust layer which is initially 
included in the weight of the conditioned filter is also removed. Figures 4.3.1a&b  
taken together give an indication of the repeatability of these experiments. For the 
cake loading of lOOg/m^ three successive experiments were carried out, and for
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1 0 0 0  g/m two curves were acquired, showing that the results coincide acceptably. 
Therefore, for further experiments a single removal curve was taken as 
representative. The corresponding pressure losses across the cake only, Apc, which 
have been calculated according to Equation 3 .1 ,VII are presented in Figure 4.3.1c.
1 0 0
A-------- A VV = 1000 g/m'
O-..... -o W = 100 g/m^
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Fig. 4.3.1a: Cake removal curves plotted as fraction of cake remaining versus
reverse flow for cake loadings of 1 0 0  and 1 0 0 0  g/m^ on the filter 
coupon which had been conditioned under strong cleaning 
conditions (tpuiM = 1.3 s, Ppuise= 96.1 kPa)
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Cake removal curves plotted as fraction of cake remaining versus total 
pressure loss across filter and (partially removed) cake (conditions as in 
Fig. 4.3.1a)
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Fig. 4.3.1c: Cake removal curves plotted as fraction of cake remaining versus
corresponding calculated pressure losses across the cake only, Apc 
(conditions as in Fig. 4.3.1a)
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Equation 3 .1 ,VII essentially multiplies the overall pressure data with the ratio of cake 
resistance to overall resistance. Since the resistances of the different cakes for the 
original dust distribution are all substantially higher than the resistance of the filter 
medium used, the coefficient Cr = Rc'/( R c '+ Rm') of Equation 3 .1 ,VII was found to 
stay close to 1. For the two cake loadings of 100 and 1000 g/m^ presented in Figures 
4.3.1a-c Cr is 0.88 and 0.99  respectively, explaining why the calculated actual 
removal stress data differ little in their trend, shape and relative position from the 
"raw" data, i.e. the total pressure loss data. In the following the derived cake removal 
stress data will be used for presenting the results of the cake removal experiments.
In addition to cake loadings of 100 and 1000 g/m^, dust cakes of 300 g/m^ and 500  
g/m^ were used. The resulting curve for 300 g/m^ clearly lies between the curves for 
100 and 1000 g/m^ , while the curve for 500 g/m^ almost coincides with the curve 
for 1000 g/m^ (Fig. 4 .3 . Id , with only one curve for each cake loading, plotted as 
fraction of cake remaining versus cake removal stress). Thicker cakes (500 and 1000 
g/m^) tend to come off in the form of large fragments with nearly 30 to 40%  of cake 
removed after the first cleaning step. In contrast, thin cakes typically showed a 
patchy cake removal pattern with fine fragments of around 2  mm in diameter. 
Relatively high flow rates must be applied in order to obtain further cake removal 
once the first patches of cake have been removed.
Cake removal experiments for various dust loadings using the coupon which had been 
conditioned with the least cleaning action (Ppuise = 23.1 kPa, tpuise = 300 ms, 250  
cycles) resulted in the removal curves presented in Figure 4 .3 .1e. Again a clear 
increase in cake removal stress for cakes of decreasing cake loading is evident.
A further series of experiments was performed using a non-contaminated filter 
coupon. Obviously it was of great interest to see whether the required cleaning action 
is substantially reduced for these experiments due the a lack of a proper residual dust 
layer and hence a lack of particle contact points determining cake adhesion. However, 
the set of removal curves shown in Figure 4 .3 .I f  does not differ much qualitatively 
and quantitatively from the results obtained from the conditioned coupons. Again 
cake removal for a given flow rate is higher for thick cakes. It can be seen that none 
of the removal curves for the uncontaminated filter coupons cross the horizontal (x-) 
axis, i.e. the fraction of cake removed does not become negative since no residual
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Fig. 4 .3 .Id: Cake removal performance, effect of cake loading, original dust
fraction, conditioned coupon (ppp: 96.1 kPa, tpp: 1300 ms)
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Fig. 4 .3 .1e: Cake removal performance, effect of cake loading, original dust
fraction, conditioned coupon (ppp: 23.1 kPa, tpp: 300 ms, 250 cycles)
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dust can be blown out of the pores and be taken Into account as cake mass removed. 
An anomalous result was observed with the non-contaminated coupon: the 
differential pressure necessary to remove a cake of loading 301 g/m^ was lower than 
that necessary to remove a cake of 495 g/m^. No explanation was found.
1 0 0
I
I
I
"o
A--------- A VU = 1044 g/m
V-------- ^  W = 495 g/m^
O-------□ w = 301 g/m^
£>•.........•€) W = 104 g/m^
Pressure Drop Ap^ /  [kPa]
Fig. 4 .3 .I f  : Cake removal performance, effect of cake loading, original dust
fraction, non-contaminated coupon
The results for the cake removal experiments using the wide fraction on coupons 
which had undergone different conditioning "histories" are summarised in Figure 
4 .3 .1g, where only the representative median (50%) value for each complete cake 
removal curve is plotted against cake loading. Again it can be seen clearly that less 
cleaning action is needed for removal of cakes with a higher cake loading. In addition, 
less cleaning action was required for coupons which had been conditioned using a 
strong cleaning action. However, the results for the uncontaminated coupon do not 
show a clear tendency. The general increase in required cleaning action for coupons
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which have not undergone a strong conditioning procedure might be explained by an 
enhanced cake adhesion requiring a higher cake removal stress. This in turn may be 
the result of an increased number of contact points between cake and filter surface 
due to a higher content of particles in the residual dust layer.
8
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Fig. 4 .3 .1g: Median cake removal stresses, effect of cake loading and
conditioning parameters
4 .3 .2  Removal experiments using different dust size distributions
As mentioned in Section 4 .2 .2 , conditioning of the coupon using the fine fraction as 
test dust was performed at the lowest possible cleaning differential pressure, i.e. 
Ppuise = 23.1 kPa. Cake removal, shown in Figure 4.3.2a, followed the same trend as
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with the original dust distribution. High cleaning gas flow rates corresponded with 
high differential pressures across the filter. The shape as well as the actual values on 
the removal curves are close to the results obtained for the original distribution. Again 
it was observed and can be seen from the curves that cake removal occurred in 
smaller fractions and patch sizes for thin cakes and that patch size increased with 
increasing cake thickness up to the point where, for the thickest cake (1005 g/m^), 
approximately 55% of the cake came off during the first cleaning step.
Removal experiments using the intermediate fraction were performed using a coupon 
which had been conditioned over 85 cycles. The removal curves showed the same 
trend as the other fractions. Again, for thinner cakes, higher cake removal stresses 
were measured. However, for the intermediate fraction the removal stress values are 
substantially lower than for the other two fractions (the median removal stresses are 
presented in Figure 4.3.2b). For a cake loading of 500 g/m^, even after the first 
cleaning step more than 85%  of the initially deposited cake had been removed. 
Therefore no tests at higher cake loadings were performed.
In Figure 4.3.2b the results of the cake removal experiments for the three different 
fractions are summarised with only the median (50%) cake removal stress value of 
each complete removal curve plotted against cake loading. For all these experiments a 
pulse amplitude of 23.1 kPa with a duration of 300 ms was used. The curves again 
clearly indicate the results obtained previously (Fig. 4 .3 .1g) that a reduced removal 
stress is measured for removal of thicker cakes. The reverse flow data show the 
same trend as the overall pressure loss data. It appears that at higher cake loadings 
the necessary cleaning action might become independent of cake loading. The data 
for the original and for the fine fraction are very close to each other, as are the 
corresponding resistances (Fig. 4.3.2c). For the intermediate fraction, the median 
cleaning stress measured for removal of the cakes is clearly less for all cake loadings 
in comparison to the two other fractions. For all fractions, an increasing diameter of 
the patches of cake removed was observed for an increasing cake loading.
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Fig. 4.3.2a: Cake removal performance, effect of cake loading, fine dust fraction,
conditioned coupon (ppp: 23.1 kPa, tpp: 300 ms, 290 cycles)
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Fig. 4.3.2b: Median cake removal stresses, effect of cake loading and dust
particle size distribution (ppp: 23.1 kPa, tpp: 300 ms)
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4 .3 .3  Experimental observations for reverse flow cleaning
Examination of the partially removed cake after each cleaning step showed that cake 
fragments which were evidently separated from the surface of the filter sometimes 
remained connected with the cake as indicated in Figure 4.3.3a for three different 
cake loadings. From the photographs one could postulate a blister-type fracture 
mechanism where a circular crack within the interface of medium and cake 
propagates radially outwards until the patch is removed. If simultaneously, due to the 
curvature in the bent cake radial cracks lead to blister break-up it could happen that 
blister fragments remain "hinged" to the perimeter of the cleaned area, as shown 
particularly in Figure 4.3.3a (W: 495 g/m^).
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Fig. 4.3.3a: Cake removal pattern for various cake loadings
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Although this phenomenon of "hinging" must be taken into account as a real factor, 
the flow measurements obtained earlier are still meaningful since the relation between 
reverse flow requirements and percentage cleaning is investigated. However, the 
definition of the removal stress curve must be reconsidered, since it is defined as 
fraction of cake which can withstand a certain cleaning differential pressure (across 
the cake). It is clear that it wilUnot be possible to increase the tensile stress across 
the hinged partkdEs affer they become partially detached in this way. Regarding the 
cake removal stress concept, cake removal occurred per definitionem at the moment 
when the cake element was separated from the surface of the filter.
It is desirable to be able to calculate the fraction of cake which remains completely 
adhered to the filter surface, excluding any held by the hinging mechanism described 
above. (This is clearly not the same as that obtained from weight measurement.) An 
attempt was made to calculate the former from the corresponding measured overall 
pressure loss across the partially cleaned filter (Cheung (1989,1988). Dividing the 
partially cleaned filter area into a cleaned and a non-cleaned area and simply assuming 
a combined parallel resistance (Fig. 4.3.3b) will give
APt
cake (Rc)
medium (Rm)
Fig. 4.3.3b: Parallel resistance model
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Apx =  (V j/A )  Rj j' ( 4 .3 .3 ,1)
A p T  =  ( V i / ( A ( 1 - f ) ) )  ( R M ' +  Rc') ( 4 . 3 . 3 , 1
A p T  =  ( V g / I A  f ) )  R^/ , '  (4.3.3,11
with
V y  =  V i  +  V g  ( 4 . 3 . 3 , I V )
fcaic =  (R^,'/Rc') ( ( ( R ^ , ' +  Rc')/RT,i') -D )  (4 .3 .3 ,V )
Plotting the measured (weight) fraction of cake removed versus the calculated 
fraction of cake removed, derived according to the above equation has been done for 
the cake removal data obtained for the fine fraction as presented in Figure 4.3.2a. 
The resulting factuai/fcaic."diagram is shown in Figure 4.3.3c. Assuming rectilinear flow 
and the validity of the parallel resistance model the diagonal represents the ideal case 
where each cake fragment which is separated from its initial position at the filter 
surface is completely removed. The area below the diagonal represents conditions 
where the calculated fraction of cake removed is larger than the real fraction. Le. 
cake fragments are no longer attached to the filter surface and hence no longer 
contribute to the overall resistance, but due to the fact that they are still connected 
to the cake are still included in the remaining weight of cake.
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Fig. 4.3.3c: factuai/W.-diagram, fine fraction
The curve for a cake loading of 112 g/m is entirely placed in the area below the 
diagonal. This means that the effect of "hinging" is very pronounced. The curves for 
the medium sized cake loadings (343 and 498 g/m^) can be considered as relatively 
close to the ideal case, apart from the initial cleaning steps indicating "hinging". In 
contrast, the curve for the high cake loading (1006 g/m^) is entirely placed in the area 
above the diagonal, but with the first cleaning step very close to the ideal case. The 
remaining development of this curve could perhaps be attributed to a fine dust layer 
remaining at the filter surface. The fact that for factual and fcaic, values above unity 
were determined corresponds to cleaning above 1 0 0 %, which was observed in some 
cases when, at the end of a reverse flow cleaning experiment, the mass of the 
cleaned conditioned filter was found to be slightly less than its initial mass. This has 
been attributed to particles of the conditioning layer being removed.
89
In a further series of cake removal experiments, in order to give further proof of the 
hinging effect, after each cleaning step the resistance to flow measured in the 
filtration direction was determined using a flow rate which equals the cleaning gas 
flow rate. From the corresponding fgctuai/^ caic. plot presented in Figure 4.3.3d, it is 
evident that the curves for the entire range of cake loadings agree well with the 
diagonal, i.e. the ideal case representing the parallel resistance model. The difference 
from the previous graph (Fig. 4.3.3c) is attributed to the pressing effect of the applied 
gas flow in filtration direction. Any hinged cake fragments will be pressed back to the 
filter surface and will thus again contribute to the resistance to flow.
A-----------A VV = 979 g/m
V---------- -V W = 512 g/m'
Q-----------□  W = 323 g/m'
G-............-O W = 112 g/m'
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Fig. 4 .3 .3 d : factuai/^caic.-diagram, fine fraction, resistance to flo w  measured in the
filtration direction (using a flow rate equivalent to the cleaning gas flow 
rate)
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The same idea was tested in a further series of experiments, this time using only the 
usual filtration flow rate for determining - in the filtration direction - the overall 
resistance to flow of the partially cleaned filter after each cleaning step. As evident 
from Figure 4.3.3e the pressing effect is reduced, which is to be expected 
considering that a lower flow rate was used for determining the resistance to flow in 
comparison with the case presented in Figure 4.3.3d.
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Fig. 4.3.3e: factuai/fcaic.-diagram, fine fraction, resistance to flow measured in the
filtration direction (using the usual filtration flow rate)
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The difference between the three cases presented in Figures 4.3.3c,d&e is well 
illustrated in Figure 4.3 .3f, where the corresponding data are presented as total 
differential pressure versus cleaning gas flow rate. This diagram is well known for 
determination of the absolute resistance of a porous system. It is evident that, in the 
case where the resistance to flow of the partially-cleaned filter has been determined 
with a flow rate equivalent to the applied cleaning gas flow, the reduction of the 
resistance with progressive cleaning is most pronounced. The initial slope of this 
curve must be considered as the combined resistance of medium and intact cake. At 
the end of the experiment the initial resistance of the cleaned medium remains.
V-— ^ v ^  = v,
0 --— o v ^
o- -o without compression
= 14 l/min
g
I
30 iaressure measurement- 
■ in filtration direction flow resistance of 
conditioned medium
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Fig. 4.3.3f: Apj versus V r for the three cases presented in Figures 4.3.3c,d&e
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4 .4  Cake removal by centrifugal acceleration
In order to compare the results on cake removal stress using the reverse flow 
cleaning technique with results obtained using a method where the cake is removed 
by application of inertial forces, cleaning experiments using a centrifuge were 
performed. While pulse cleaning and cleaning of a filter by mechanical acceleration, 
as investigated by Sievert (1988), clearly incorporate dynamic aspects, the reverse 
flow cleaning method must be considered as quasi-static. This means that the 
cleaning gas flow is gradually increased until first cake removal occurs. Cleaning 
using centrifugal acceleration is also considered to be almost quasi-static, with the 
tensile stress acting on the cake corresponding to the gradual increase in rotation 
speed when speeding the centrifuge up to the set maximum revolutions per minute. 
This similarity between cleaning by reverse flow and cleaning by centrifugal 
acceleration encouraged the use of a centrifuge as a method to remove a dust cake 
by application of inertial forces.
4.4 .1  Preparational experiments 
Calibration o f centrifuge rotation speed
An electronic counter was used to calibrate the rotation speed of the centrifuge 
(M.S.E. Mistral 2000) used for investigating cake removal by acceleration (see 
schematic in Fig 4.4.1a). It was found that the centrifuge speeds up to the set 
number of revolutions per minute, shows a slight over shoot and then stabilises after 
a short time near the set value. This is indicated in Figure 4.4 .1b , which shows the 
necessary speeding-up time for obtaining a desired rotation speed. In addition, 
marked at the same x-position (time), the set speed as well as the actual stabilised 
value are given. From this graph one can conclude that from a certain rotation speed 
onwards, about 800 rpm, the relationship between speed and time is linear.
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Fig. 4.4.1a: Centrifuge container with filter mounting
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Fig. 4.4.1b: Calibration of the centrifuge rotation speed
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Preparational cake removal experiments were performed in order to identify the 
optimum step width for increasing the rotation speed for a given areal cake mass. 
When increasing the rotation speed only in small increments, it was found that the 
fraction of cake removed stayed constant over several runs. From this, it is 
concluded that neither the number of repetitions nor the duration of the run has a 
significant influence on the removal result. For the subsequent cake removal 
experiments, an overall run time of 90 s was chosen, independent of the time 
needed to reach the peak value. The maximum rotation speed chosen was 2000 rpm 
with an overshoot of 200 rpm. From Figure 4.4 .1b  it is clear that even for this value 
the peak is reached after less than 60 s. For all settings the actual time at the peak 
speed was found to be relatively short. However, it is assumed that the maximum 
stress acts on the cake at the moment of over shooting and, hence, determines the 
removal result.
Horizontal alignment of the centrifuge container at moment o f cake removal
At zero speed of the centrifuge the cylindrical sample containers within the bowl are 
"hanging down", i.e. are oriented vertically (Fig. 4.4.1a). With increasing rotation 
speed, the orientation changes up to the point of a horizontal alignment. In order to 
be able to calculate the forces and hence stresses acting on the cake it was essential 
to find out at what rotation speed cake detachment and horizontal alignment of the 
containers occur. Experiments showed that the deposition pattern at the bottom of 
the container due to a detached cake always resulted in an even, flat dust layer 
exactly centered on the design axis of the container, indicating that cake detachment 
does not occur before the container is aligned vertically.
4 .4 .2  Experimental procedure and evaluation
The conditioned filter coupon is again loaded with the desired cake, recording the 
final maximum pressure loss across coupon and cake and the weight of the latter. 
The complete filter mounting is then taken from the filtration unit and fitted into the
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centrifuge, i.e. into one of the beaker-type centrifuge containers. The filter mounting 
is positioned within the container as indicated in Figure 4 .4 .1a with the dirty face 
facing downwards. A ring (PVC) is used to centre the filter mounting in its position 
by providing a tight fit to both the inner perimeter of the container as well as the 
filter mounting. In order to ensure safe operation of the centrifuge, the weight of the 
opposite container must be equalised by, for instance, adding the same type of filter 
mounting and centre ring.
By gradually increasing the speed of the centrifuge (number of revolutions per time), 
higher and higher centrifugal forces are imposed onto the dust cake. When a certain 
critical cleaning force exceeds the adhesion force of the cake to the medium, cake 
removal is initiated. The detached dust cake is collected on a sheet of filter paper at 
the bottom of the container. From preparational experiments the point of first cake 
removal was determined for each given areal cake mass, and the step width for 
increasing the rotation speed was chosen.
Since it is not possible to obtain a rapid increase in the acceleration acting on the 
cake due to the time needed for speeding up the centrifuge (Fig. 4.4.1b), the 
removal test can be considered as quasi-static in the same sense as the reverse flow 
test. Accordingly, acquisition of the cake removal curve is done on a cumulative 
basis resulting in a series of pairs of data points:
i: number of cleaning step, i = 0 - > n with initial conditions (1 ,0 )  i=o
f: fraction (by weight) of cake removed at each cleaning step
©max: maximum angular frequency during cleaning step
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The fact that the containers are in vertical alignment before any cake detachment 
occurs enables calculation of the corresponding cake removal accelerations and 
stresses acting on the cake using the following straightforward approach:
3max -  ^  ®max ( 4 . 4 . 2 , ! )
and
(?max — (SmaxOlj/A (4 .4 .2 ,1 1 )
=  {mc/A)co„ax^r
=  W  COmax^ r
a: (centrifugal) acceleration acting on the cake
o: (centrifugal) stress acting on the cake
me: cake mass
r: geometrical distance between centre of centrifuge holder and
deposited dust cake (245 mm)
A: filter area, A = (%/4)(40 mm)  ^= 1.257 10'^m^
W: filter dust loading per unit area (areal dust loading)
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4.4.3 Experimental results
For the cake removal experiments using centrifugal acceleration the fine limestone 
fraction (1.8 pm) only was chosen. A filter coupon was conditioned over 130 cycles 
with a strong cleaning intensity, using a pulse of about 1 bar (96.1 kPa) pressure 
difference across the coupon, in order to have an even, though conditioned, filter 
surface. The individual cakes for cake removal testing were laid down. After each 
removal test using the centrifuge, the filter coupon was again conditioned over 
several cycles in order to obtain a residual pressure loss close to the initial value to 
ensure comparable conditions.
Different cake loadings between 100 and 930 g/m^ were chosen for the cake removal 
experiments. The starting value for the rotation speed, as well as the step width with 
which it was increased, had to be adjusted to the areal cake mass since cake loading 
contributes linearly to the imposed removal stress (eqn. 4.4.2,11). Figure 4.4.3a  
presents the cake removal curves obtained for the different cake loadings used.
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Fig. 4.4.3a: Cake removal results using centrifugal acceleration
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Taking the median removal stresses, O5 0 , as representative for each curve, one can 
see from Figure 4.4.3a that the range covered is between 500 and 900 Pa. The 
different curves are of similar shape and positioned relatively close to each other. The 
curves for 100 and 930 g/m^, however, appear to be slightly more skewed. The 
maximum possible stress acting on the cake already due to gravitational acceleration 
(Og = W g) is about 10 Pa and can therefore be neglected.
The first data point on each curve represents the acceleration and corresponding 
stress acting on the cake at which no cake removal yet occurred. Between this and 
the following point the first cake detachment must have occurred. Since this moment 
of initial detachment cannot be precisely predicted nor observed this form of 
presentation has been chosen. Figure 4.4.3b presents the stress values of each curve 
surrounding the median removal stress O5 0  plotted against cake loading.
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Fig. 4.4.3b: Cake removal stresses plotted against areal cake mass
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Different numbers of removal steps for the different cake loadings chosen were 
obtained. For the two lowest areal cake masses, the highest number of removal steps 
were found. Obviously a finer "tuning" of the interval width can be obtained for a low 
cake loading. Firstly, as can be explained by Equation 4 .4 .2 ,||, the effect on the 
stress acting on the cake of a distinct increase in rotation speed is lowest for the 
thinnest cake, because of the contribution of the cake loading to the imposed stress. 
Secondly, as found with the reverse flow experiments, the patch size of cake 
fragments removed was found to increase with cake loading. Hence, the fractional 
contribution to the total weight due to the removal of a single cake patch increases 
with areal cake mass. Thus, the number of possible removal steps decreases with 
cake thickness. To a rough approximation the stresses obtained can be considered as 
independent of cake loading. However, a decrease at medium sized cake loadings of 
around 500g/m^ is evident. Figure 4.4.3c presents photos showing the typical cake 
detachment pattern obtained for different cake loadings (removal tests using 
centrifugal acceleration). No hinging of cake fragments was observed. To a rough 
approximation the "average" diameter of a detached cake patch was found to 
increase linearly with cake loading. However, these measurements in particular are 
subject to many errors (see also Chapter 5.4).
101 g/m^ 175 g /n f 675 g /n f
Fig. 4.4.3c: Effect of cake loading on patch detachment (removal tests
using centrifugal acceleration).
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4 .5  Cake failure at "Burst Pressure"
The experimental investigations on cake removal using reverse flow had shown that 
hinged cake fragments remaining connected to the cake, though already separated 
from the medium surface, influence the removal stress measurements: this "artefact" 
obviously influences the value of the median removal stress which is taken as 
representative for a recorded curve. Therefore, a further series of experiments was 
aimed at investigating at which differential pressure across the cake the first failure 
of the cake occurs, and how those values for different cake loadings relate to the 
results obtained with the previously applied procedures. This moment of first failure, 
essentially a "burst pressure", if the cake is considered as a permeable membrane, 
appears to allow the measurement of the cake removal stress without the influence 
of any hinging cake fragments or a maldistribution of cleaning gas flow affecting the 
cake removal result.
For these experiments the same coupon which was used for the centrifuge cleaning 
experiments was utilised in order to keep conditions equal as much as possible. For 
these tests again only the fine limestone fraction was used. As for the normal 
reverse flow tests, the cake is laid down and the final resistance as well as the 
weight of the cake are determined. The filtration flow is cut off and the reverse flow 
is carefully introduced. In contrast to the reverse flow tests reported earlier, the 
differential pressure across the cake was monitored continuously up to the point 
where the cake failed, i.e. the "burst pressure". The change in differential pressure 
was recorded using the above mentioned storage oscilloscope which allowed 
precisely capture of the sudden decrease at the moment of cake failure. Using 
Equation 3 .1 ,VII the pressure loss across the cake was calculated from the recorded 
total differential pressure data.
The results of this test series are presented in Figure 4.6a, where the pressure loss 
acting on the cake, Apc.e, at the moment of failure is plotted versus cake loading. 
This experimental result will be discussed in the following section (4.6) in connection 
with the experimental data obtained using centrifugal acceleration and reverse flow.
101
4.6 Summarising discussion of the experimental results on cake removal
With the removal data presented in Sections 4.3 .1& 2 a set of data has been provided 
illustrating cake removal performance of a fibrous ceramic filter medium with a fine 
calcium carbonate as test dust using reverse flow under ambient conditions. The 
effect of a variation in cake loading, the conditioning history of the filter coupon and 
the influence of a variation in mean particle size and particle size distribution has been 
investigated.
Comparison with reviewed literature
As discussed in Section 3.3 and listed in Table T3 (page 56), "hardware" as well as 
dust and operating parameters for the selection of reviewed publications were not the 
same. However, the corresponding median removal stress data presented in the 
reviewed publications lie within the same order of magnitude. For the data presented 
in this work it must be stressed again that the filter coupons were conditioned over 
85 to 300 filtration cycles during which a residual dust layer at the surface of the 
medium had been built up. This was done in order to simulate conditions closer to the 
real application. In contrast to the experimental work on cleaning performance of 
flexible fabrics reviewed, here a filtration velocity between 4 to 10 times higher was 
used. Despite these principal differences, the same general trend for the reverse flow 
cleaning experiments was found. These are in particular, as presented by Sievert 
(1988) and Aguiar & Coury (1992), a decreasing reverse flow rate necessary for 
removal of cakes with an increased cake loading, and a decreasing corresponding 
overall differential pressure. As presented by Aguiar & Coury as well as by 
Hahnheiser (1970), an increase in mean challenging dust particle size resulted in a 
reduced necessary cleaning action, i.e. removal stress. In addition, as a result of the 
work presented here, it was found that decreased cleaning conditions during filter 
medium conditioning, i.e. a reduced cleaning pulse intensity, resulted in an increase of 
cleaning action necessary for effective cake removal. Figure 4.6a shows the 
experimental data obtained by reverse flow in comparison with selected data 
reviewed in Section 3.2. It is evident that the experimental data obtained by Sievert 
(1988) for the stiffened medium using acceleration especially for higher cake loadings 
above 500 g/m^ are in the same order of magnitude as the experimental data 
obtained by reverse flow presented in the current work. Additionally, from Figure 4.6a
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the similarity between the sets of data obtained for rigid or stiffened media with 
those obtained for flexible media is evident.
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Fig. 4,6a: Effect of dust loading on median cake removal stress - comparison of
selected experimental results with corresponding data of publications 
reviewed in Section 3.2
At this point it is mentioned that the tensile stress acting on the cake simply due to 
gravitational acceleration can be neglected in comparison with the removal stresses 
measured for the above experiments. Considering the maximum cake loading of 1 
kg/m^ the resulting maximum stress, Og = W g, is 10 Pa. A further point of evaluation
103
was the possible influence of any water pick-up corresponding to ambient humidity 
on the cake weight measurements for a cake removal experiment. The measured 
filtration carrier gas relative humidity stayed relatively constant between 1 0  and 
15%. If the state of moisture adsorption of the dust particles is expected to 
correspond to this relative humidity, moisture pick-up will occur once the filter is 
taken out of the filtration apparatus. Measuring the corresponding adsorption kinetics 
for a clean filter as well as filters loaded with different cake masses for the different 
dust fractions showed that this influence, however can be neglected, considering the 
short time for determining the mass of the filter.
Relating cake removal results to filter cleaning performance during conditioning
As presented in Section 4.2.1 (Fig. 4.2.1f&g) the residual pressure loss of the filters 
during conditioning was found to be relatively stable. With the data on cake removal 
from Figure 4 .3 .1e for the filter conditioned with the least cleaning amplitude (23.1 
kPa) using the original fraction one can estimate the corresponding cleaning efficiency 
during conditioning. For a total cleaning pressure difference of 23.1 kPa, for a cake 
loading of 1 0 0  g/m^, which is also the approximate cake loading obtained per 
conditioning cycle, a fractional cleaning of approximately 90%  can be determined. 
This result approximately corresponds to experimental observations during filter 
conditioning where a cleaning efficiency of around 90%  was measured. In an 
additional test a cake of 366 and 827 g/m^ were cleaned off by application of a 
(23.1kPa) cleaning pulse resulting in a fractional cleaning of again around 90% . This 
is less than what was recorded using reverse flow cleaning (around 95% ), however, 
clearly of the same order of magnitude.
Cake removal stress concept
Application of Equation 3 .1 .VII to the overall pressure loss data recorded for the 
reverse flow tests results in sets of calculated cake removal stress data the trend, 
shape and the relative position of which is not much different from the "raw" data 
(Fig's. 4.3.1 b&c). According to the resistance of the medium and the various cakes 
later removed the coefficient Cr = Rc7(  R c '+ Rm') of Equation 3 .1 .VII, by which each 
differential pressure value of a complete cake removal curve is reduced varied 
between 0.88 and 0.99 only, explaining the minor changes between the cake removal
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stress data and overall pressure loss data. Only for the intermediate fraction the 
corresponding coefficient for a cake loading of lOOg/m^ was reduced down to 0.75  
due to the decrease in the specific resistance to flow of the cake. For both fractions, 
however, the coefficient Cr converges for cake loadings above 500 g/m^ against 
unity, i.e. overall differential pressure and pressure loss across the cake become 
almost identical.
At high cake loadings the cakes were found to come off within only a few cleaning 
steps. Therefore for thick cakes in most cases the 50% value, the median value of a 
cake removal curve can be considered as the critical point of cake removal. For lower 
cake loadings up to 300 g/m^ the width of a removal curve has to be considered for 
prediction of the optimum cleaning strategy. For these loadings the corresponding 
values for instance for 90 and 10% of cake remaining deviate substantially from the 
50% value. This means, that cake loading has a significant effect on the skewness of 
a removal curve. For the original and the fine fraction the necessary flow rate for 
removal of a cake of 100 g/m^ down to 25% remaining is more than twice the 
cleaning flow for 50% of cake remaining.
These two findings presented in the above two paragraphs explain why for both rigid 
and flexible media the removal stresses obtained with the two different techniques, 
i.e. acceleration and reverse flow, become identical at higher cake loadings as 
presented in Figure 4.6a. For thick cakes, the first cleaning step removes commonly 
more than 50 % of the initial cake. Therefore, in the case of reverse flow cleaning, 
the measured cake removal stress at this point corresponds to the first failure of the 
(complete) cake. There is a high degree of evidence, that the similarity between the 
two cleaning mechanisms is clearly proved for this situation (as demonstrated in 
Figure 2.2c for the ideal case of complete cake removal).
Figure 4.6a shows the experimental data obtained for the fine fraction using all three 
test methods: reverse flow cleaning, cleaning by centrifugal acceleration and the 
burst pressure test. For the data obtained by acceleration, only those enclosing the 
median removal stress values have been taken. The agreement with the burst 
pressure data can be considered as relatively good giving evidence that the same 
property, i.e. critical cake removal stress, has been measured using two conceptually 
different cleaning techniques. The removal stresses recorded for lower cake loadings,
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below 500 g/m^, using reverse flow cleaning increase strongly with decreasing cake 
loading. It appears unlikely that the average cake adhesion for a thin cake is so much 
higher than for a thick cake. For the experimental conditions used in this work these 
unrealistically high cake removal stress values, were found, to be based on hinged 
cake fragments which are still connected with the cake, but do not any longer cover 
the filter area. This "artefact" obviously influences the position of the representative 
median removal stress value recorded for a cake removal experiment. If one uses the 
calculated fraction of cake removed, derived from the overall pressure loss measured 
at each cleaning step (eqn. 4 .3 .3 ,V  and Fig. 4.3c), the median removal stress 
recorded for the cake loading of around 1 0 0  g/m^ is substantially reduced 
(approximately by two third).
The cake removal pattern obtained for the acceleration tests was found to roughly 
show the same cake patch diameters, however no remaining hinging cake fragments 
remaining connected to the non-cleaned areas where observed. This observation 
might explain why the cake removal curves in terms of cake removal stress for the 
acceleration test are much narrower than those obtained by reverse flow. This 
applies especially to lower cake loadings below 500 g/m^. In conclusion one can say 
that first failure of the cake appears for both acceleration and reverse flow at the 
same critical pressure across the cake. However, at higher percentage cleaning 
especially for lower cake loadings more and more flow is needed to remove hinged 
cake fragments. Thus, the acceleration and burst pressure tests may give a truer 
representation of the intrinsic cake adhesion to the filter, yet the reverse flow test 
remains the most appropriate for estimation of the cleaning flow requirement.
The removal data obtained by acceleration and the burst pressure test were found to 
be almost independent of areal cake mass. This trend differs from the experimental 
results of Sievert (1988), Morris et al. (1987) and Hahnheiser (1970). However, 
DeRavin (1986) as well as Cheung (1989,1988) also found almost no dependence of 
removal stress on cake loading. The explanation for the result presented here is that 
the cake structure, i.e. porosity and hence specific cake resistance, remains the same 
for the different cake loadings. This is illustrated in Figure 4.6b where the slope of the 
presented straight line equals the average specific resistance to flow of all the cakes 
used for the removal tests using both centrifugal acceleration and burst pressure. This
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means that the change in cake structure at higher cake loadings could not be 
observed with the high filtration velocities used in this work. Schmidt (1993a), using 
a lower filtration velocity, had found that thicker cakes tend to show local 
compaction or collapsing due to the correspondingly higher resistances to flow. It is 
assumed that due to the high filtration velocity used in the current work the cakes are 
deposited already at low cake loadings in the "highest packing density" possible to 
achieve. Correspondingly, a change in cake adhesion with increased cake loading due 
to an increased number of contact points between medium and cake as well as a 
possible increase in the number of contact points for the individual particle is not 
expected to occur. These arguments had been advanced by Sievert (1988), who 
performed his experiments at lower filtration velocities, as an explanation for an 
increasing cake removal stress with increasing areal cake mass using mechanical 
acceleration. He supported and based his argumentation on measurements of cake 
porosity and resistance to flow which were found to indicate a compression of the 
cake. At least for the work of Cheung (1988) it can be said that he also used a 
relatively high filtration velocity which could have caused the same effect, i.e. a 
specific cake resistance independent of cake loading, as observed in this work.
700
600
E
"D) 500
COo_
- 5  400
i
sO)
c/)o>
300
<D
2
200
100
10008006004002000
cake loading in g/rrf
Fig. 4.6b: Average specific flow resistance of dust cakes used for cake
removal tests using centrifugal acceleration and "Burst Pressure"
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5 Theoretical approaches for prediction of cake removal stresses
5.1 Principles of adhesion and cohesion of particles
The factors which affect the adhesion of particles to each other and to substrate 
materials have been thoroughly discussed by Visser (1978), Zimon (1969) and by 
Cross & Centronio (1978). The major factors causing adhesion are van der Waals 
(VDW) forces, Coulombic and induced dipole electrostatic forces. When relative 
humidity is high then capillary forces caused by surface tension between adsorbed 
molecular layers of water vapour may also be important. In most operating fabric 
filters, and in the experimental work presented in this report, the relative humidity 
lies in the range below 60%  (Morris et aL, 1987) so that these effects have been 
regarded as insignificant (Schütz (1979), Aguiar & Coury (1992)). In operating 
fabric filters the dominant effects are thus those associated with van der Vaals 
forces and electrostatic forces. Visser (1978) has provided an extensive review of 
the nature of VDW  forces. The interactive energy for the van der Waals attraction 
is of the order of 0.1 eV and decreases with the sixth power of the distance 
between the molecules. The range of the van der Waals interaction is large 
compared with that of the chemical bond. Hamaker's microscopic theory (1937) 
is based on the assumption of the additivity of the forces between the molecules 
of both bodies. With this theory the attractive force Fg can be calculated for 
various geometries. The result for the interactive force between a sphere and a 
flat surface (a convenient approximation of a particle on a large fibre) is as 
follows:
F, =  A'rp/(6H^) (5.1,1)
H: gap between the two surfaces
A': Hamaker constant
rp: radius of the particle
For a system consisting of two particles with radii r^  and X2 we get:
F, =  (A 7(6H ^)) r if j/C r ,+ f2 ) (5.1,11)
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Calculation of the Hamaker constant is discussed by Visser (1978). Its value can 
only be determined approximately for most materials (order of magnitude about 
10'^® J for well defined systems under controlled conditions of cleanliness. 
However, the major problem in quantification of the attraction force is associated 
with determination of a true or effective separation distance of the particles and 
substrate. When an ideal sphere adheres to an ideal flat surface this distance 
becomes equal to Hq with a value about 0 .4  nm. Variations in contact area due to 
particle or surface deformation, irregularities or orientation can dramatically affect 
this distance and hence the adhesion properties. When the two surfaces in contact 
have irregularities of the same order of magnitude then intermeshing can increase 
adhesion. When the irregularities are of different size then the adhesion force may 
be reduced. The situation is further complicated when the particle can be 
deformed, as a result of the VDW-force as well other forces, for example 
electrostatic effects or the pressure of gas flow through the bed. Dahneke (1972) 
has suggested that increases in adhesion due to the effects of deformation from 
the VDW force alone may range from 2 for a glass sphere to 20 for a polymer 
sphere. Schütz (1979) demonstrates that modest pressing forces only, typical of 
those encountered in a fabric filter, may dramatically alter the adhesion of 
particles. Visser (1978) presents an equation for the adhesion of a deformed 
particle:
Fa' =  A'rp/(6H^) +  A ’r'^/(6H®) (5.1,11
r': radius of contact area
Because it is not possible to specify A',H or r' with any certainty for a real 
situation. Equations (5.1,1), (5.1,11) and (5.1,111) have very little practical utility. 
Since in the majority of fabric filtration installations an imposed electric field is 
unlikely, and every effort would be made to ensure that the substrate was earthed 
and thus electrically neutral, it is image forces which are of principal interest.
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These have been discussed by Cross & Centronio (1978), who have made 
measurements for particles which had different shapes and resistivities and which 
had been charged by different techniques. When a charged particle is deposited 
onto a conductive earthed substrate an equal and opposite image charge is 
induced in the fabric. The resultant attraction force, F, between the particle of 
charge q and its image is given by:
F = q^/(16  7t 80Tp^ ) (5.1,1V)
q: particle charge (Coulombs)
Go: permittivity in vacuum (8.85 x 10'^^ C/Vm)
In practice the maximum value of q is limited by leakage of charge from the 
particle through the surrounding gas. Consequently a maximum image charge 
adhesion force can be calculated. There is no evidence, however, that this level of 
adhesion by electrostatic effects is ever approached in operating fabric filters. 
Cross & Centronio have measured total adhesion forces and found no correlation 
with Equation (5.1,1V) at the maximum charge level. They have, however, shown 
that spheres produce stronger adhesion forces than irregularly shaped particles 
and that adhesion is increased if the particle is charged when deposited. The 
increase in adhesive force persists, even when the charge has been allowed to 
decay to earth before the measurements are made. It is clear therefore that 
despite much theoretical work the adhesion forces cannot be calculated even in 
the simplest case of a single particle attached to a defined substrate.
Aguiar & Coury (1992) suggest that electrostatic forces are likely to be present in 
gas-solid filtration but they are small in magnitude compared with VDW forces 
(typically one order of magnitude smaller) for particles in the micron range 
(Sherrington & Oliver, 1981). Their effect on the filter collection efficiency and 
cake structure can be substantial, however, as they can affect the particle 
deposition pattern (Coury et aL, 1991).
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5.2  Adhesion and cohesion of particle assemblies 
The approach o f Rumpf
Rumpf (1970) proposed that the tensile strength of a particle compact, such as a 
filter cake or an agglomerate, is obtained by summing the strengths of all the 
particle-particle contacts which must be broken across a surface in the compact. 
If the constituent particles are spheres of diameter x, the tensile strength of an 
agglomerate follows as
cr =  f(dl=a/)(2
where Fg is the interparticle force acting at each contact and f (e) relates the 
number of contacts to the void fraction. According to Rumpf,
1(G) = (1-s)/8 (5.2,1
Other forms have been suggested [e.g. Kendall et a!. (1987,1986)) but they are 
numerically very close to the expression in Equation (5.2,11) (Abdel-Ghani et a!., 
1991). In terms of the surface energy of the particles, y, the strength of each 
contact is given by (Israelachvili, 1985):
=  71 y X (5.2,111)
which is identical to Equation (5.1,1) with A' = 12%yH .^ Other models for particle- 
particle contact [e.g. Mullier et a!., 1987) give slightly different numerical values, 
but predict the same dependence of F , on y and x.
I l l
From Equations (5.2,1) - (5.2,111),
G =  7t ((1 - 8 ) / e ) y/x (5 .2 , IV)
Rumpf originally derived the above expression based on geometrical and statistical 
considerations and essentially assumed the mean coordination number (mean 
number of contact points per particle), K°, in an assembly of monosized spherical 
particles to be, according to Smith (1929), approximately
Schubert & Wibowo (1970) confirmed Equation (5 .2 ,IV) experimentally for wet 
agglomerates at saturation degrees, S, smaller than 30% , with S being the 
volume ratio of the liquid in the porous system to the entire pore volume 
(S = V 'l/V 'p)- For dry agglomerates Loffler & Raasch (1992) mention that Equation 
(5 .2 ,IV) could only be confirmed qualitatively but not quantitatively. This is 
attributed to the fact that dry agglomerates must be considered as very brittle due 
to the extremely short range of the VDW forces and thus are sensitive to even the 
smallest deformations.
An alternative expression with a similar functional form but more adjustable to 
practical application, was suggested by Capes (1980):
G K" ( d - E ) / 6 ) “  d /x '’ ) (5 .2 ,V )
where K", a and (3 are to be determined experimentally.
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Prediction o f cake removal stresses based on fracture mechanics theory
The Rumpf analysis assumes that all the particle-particle contacts break 
simultaneously across the failure surface. However, it is well known that solids 
fail in tension under loads much lower than the stress needed to cause 
simultaneous failure of the interatomic or intermolecular forces across the failure 
surface. By analogy, therefore it should be expected that the failure mechanism 
analysed by Rumpf should overestimate the strength of a compact (and Rumpf 
himself recognised this). Starting with the classic work of Griffith (1921), the 
science of fracture mechanics has developed to explain the failure of solids, and 
such phenomena as the role of flaws or imperfections in the structure of the solid 
and also elastic and plastic deformation [e.g. Parker (1981), Williams (1984)). 
More recently, various workers [e.g. Kendall et ai. (1986), Mullier et al. (1987), 
Kendall (1987), Adams et ai. (1987,1989)) have shown how the ideas of fracture 
mechanics can be carried over into the behaviour of powder compacts.
For an elastic solid, fracture occurs by propagation of cracks, initiated at points of 
high stress concentration. Fracture mechanics is based on an energy balance in 
which the strain energy released at the crack tip provides the driving force to 
create new surfaces (Griffith, 1921). Fracture occurs when the rate (with respect 
to crack length) at which elastically stored energy is released exceeds the rate at 
which surface energy is absorbed in creating new surfaces. Figure 5.2a shows a 
semi-infinite elastic plate of thickness B and width L, under a uniformly applied 
tensile stress, a, and containing a through-thickness surface crack of length a'. 
Energy is stored elastically everywhere in the plate except in the region extending 
above and below the crack, in which the material is unstressed. Let U' be the 
total energy released due to the formation of the crack, and y '  the surface free 
energy of the material. The term ôUVLôa' is known as the strain energy release 
rate, G, and the critical value for crack propagation to occur is denoted Gc, i-e. 
the Griffith criterion for fracture is
(ÔUVSa') > y (5A,/5a') (5 .2 ,V I)
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or
2y' (5 .2 ,V II)
where Af is the fracture surface area. Note that Af is the gross fracture surface 
area, which, for agglomerates, is considerably larger than the true area because of 
the interparticle voidage. The true area can be estimated theoretically or measured 
by microscopic examination and image analysis. The solution to Equation (5 .2 ,VI) 
depends on establishing an expression for U' in terms of the applied stress, a, the 
Young's modulus of the material, E, and the geometry of the system 
(Parker,(1981), Williams (1984)).
Strain free region
►
Fig. 5.2a: Semi-infinite elastic plate under a uniformly applied tensile stress, a.
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An alternative approach was developed by Irwin (1957) , who considered the 
elastic stress field ahead of the crack, which is characterised by a "stress 
intensity factor", K:
K =  f(a'/W) ( 5 . 2 , V I I I )
where f(a /w) is a dimensionless parameter which depends on the geometry of the 
specimen and the crack; f(avw) is tabulated in BS5447 (British Standards N °5447, 
1957). Crack extension occurs when the product aa’’^^ reaches a critical value, 
i.e.
Kc =  cjf (Tca')^^^ f(avw) =  cj fa '^^^Y ( 5 . 2 , IX )
where Gf is the fracture stress and Y = f(a'/w>- Kc here relates to the gross
crack width, rather than the actual value. To obtain a true value it is necessary to 
multiply Kc by the square root of the ratio between gross and true fracture areas. 
Gc and Kc are equivalent measures of the strength of the material; for plane stress 
it can be shown that:
=  K r^ /E  ( 5 . 2 , X )
For plane strain, the right hand side is multiplied (1V )  where v is Poisson s ratio. 
An elastic analysis of the stress distribution predicts infinite stresses at the crack 
tip. In practice, this indicates that the yield stress of the material, Gy, is exceeded 
and that energy dissipation occurs by plastic deformation in a region at the crack 
tip known as the "plastic zone". In this case. Equation (5 .2 ,VII) must be modified 
to take account of the additional plastic energy dissipation term, thus:
Gc =  2y '  +  Yp' ( 5 . 2 , X I )
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In most real materials, the plastic energy dissipation term is much larger than the 
surface free energy contribution. In plastics, for example, Gc is typically of order 
kJ/m^ whereas y' lies around 25-50 mJ/m^ (Williams (1984)). It is only in very 
brittle materials, such as ceramics (Kendall et aL 1986) that it may be possible to 
neglect the plastic dissipation term.
As mentioned above, cracks propagate when energy stored in elastic deformation 
- in the case of a powder compact by elastic distortion of particles in contact 
(Kendall et aL, 1987) - is released to provide the energy needed to separate 
cohesive particles across the fracture surface (Kendall et aL, 1986). It has been 
demonstrated that particle compacts do store elastic energy in this way (Kendall 
et aL (1987,1986)) and that the energy is released into the crack when fracture 
occurs (Kendall et aL (1986), Abdel-Ghani et aL (1991)).
Theoretically, if the fracture process is taken to be entirely elastic, following 
Kendall et aL (1986), the fracture surface energy of a compact is related to the 
interactions between the constituent particles as
2 y* =  Ha u ' ( 5 .2 ,XII)
where y* is the fracture surface energy of the powder compact, u' is the energy 
required to separate two particles and n^ the number contact density, i.e. the 
number of particle-particle contacts across a surface through the compact, given 
by (Kendall et ai. (1986)
n* =  1 3 .3 (1 -s )V 2  (5 .2 ,X III)
For smooth spheres, u is according to Kendall et at. (1986)
u' =  (0 .2 9 6  7t®Y^ x' ‘ ( 1 - ( 5 . 2 , XI V)
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so that with
2y* =  5 9 .7  (1-8)“ ( y ® ( lV )V (E V ) ) ' '^  (5 .2 ,XV )
In a previous publication of the author (Koch et a!., 1992 (see appendix)), 
referring to the work of (Kendall et aL, 1986), it has been quoted that the energy 
needed to create a new fracture surface in a powder compact, e.g. a dust cake 
deposited on a filter surface, is, per unit area, proportional to (y^  ^ x~ )^. In 
contradiction to the expression for y* above in Equation (5 .2 ,XV) a dependency of 
(y^  ^ x“ )^ represents the more sophisticated case where the constituent particles 
are considered to be in single-point contact through asperities of radius a. As for 
elastic modulus, the dependence on particle size is much stronger if the particles 
contact at asperities (Kendall et aL, 1986).
Equation (5 .2 ,XV) represents the case where the fracture process is considered to 
be entirely elastic. However, the elasticity of a compact has been shown to be 
much smaller than theoretical estimates (Kendall et aL (1986), Abdel-Ghani et aL 
(1991)), probably because geometrical constraints prevent all but a small 
proportion of particle-particle contacts from bearing load. Furthermore, fracture 
energies have been shown to be considerably in excess of theoretical values 
(Abdel-Ghani et aL, 1991), suggesting that fracture of compacts involves 
substantial irreversible energy dissipation, probably due to frictional interactions 
between the particles in the region around the crack tip. At the present state of 
development of this theory, all that can be stated is that the stress necessary to 
cause fracture increases with increasing y and with decreasing x, i.e. qualitatively 
the same conclusions as follow from the Rumpf analysis through Equation 
(5.2,IV).
It appears reasonable to assume that filter cake adhesion is poor in some areas, 
thus giving rise to flaws in the interface which will act as points of stress 
concentration during cleaning. This is analogous to the problem of "blistering" in 
the adhesion of coatings to surfaces, which has been the subject of fracture 
mechanics analysis [e.g. Williams & Anderson, 1977). Using this analysis as a
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starting point, it is possible to advance a criterion for patch detachment from a 
filter surface. The patch shown schematically in Fig. 5.2b stores energy in 
bending. Expansion of the patch will occur when the rate (with respect to patch 
radius) at which stored energy is released equals the energy required to create the 
new surface, which is the adhesive fracture energy.
CAKE
REVERSE
FLOW
FILTER MEDIUM
Fig. 5.2b: Cake patch detachment - schematic
The cake patch on the filter surface in Figure 5.2b is therefore considered as a 
thin elastic disk bonded to a rigid substrate. From the principle of energy 
conservation one may write that the work done by the applied pressure moving 
through the (virtual) displacement must be balanced by the change in the energy 
to create any new surface.
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Making use of the fact that the stored energy is one half of the applied work {i.e. 
up to that point) for a linear bond-deflection relationship (see Williams & 
Anderson, 1977), one has
r,
0 .5  J Po 2 7t r ôW(r) dr =  % r^ ) (5 .2 ,X V I)
0
where W(r) is the displacement. From plate theory, one finds that the deflection of 
a uniformly loaded clamped sheet of radius r|is given by
w,„ =  1 /6 4  Pq/D  - r:)2 (5 .2 ,X V II)
with D, the sheet flexural rigidity, defined as
D = E h^/ 12  (1-v^) (5 .2 ,X V III)
E: elastic modulus
h: sheet thickness
Inserting Equation (5.2 .XVII) into Equation (5.2 .XVI) and integrating gives the 
stored energy.
U" =  (71/384) ( P o  /D) r,® (5 .2 ,X IX )
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Putting the criticality condition, ôU"/8 (% r^) = (Griffith criterion), the adhesion 
energy, then
y, =  (3 ( 1 - v 2 ) / 3 2 )  (Po^/(E/fi)) (fi/h)® (5 .2 ,X X )
or if Po is taken as a critical value P,
Per =  K' y,° ®/(2ri)= (5 .2 ,X X I
with
K' =  (5 1 2  E h®)/(3 (1 V))° ® (5 .2 ,X X II)
n: blister radius
Ya: adhesion energy
plate thickness 
elastic modulus of the sheet 
Poisson's ratio of the sheet
Equation (5 .2 ,XXI) is analogous to Griffith's criterion for fracture of an internal 
crack
CT„ =  (2 E y'lin n))° ® (5 .2 ,X X II)
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The above analysis applies only
• for small deflections (w < h)
• thin sheets (h <  <  rj)
• a rigid substrate
• energy is only stored in bending not in stretching
The application of the above approach to the dust cake removal situation will be 
discussed below (Section 5.4).
5 .3  Review of approaches modelling dust cake removal 
The mode! of Morris et a!.
Morris et a!. (1987) showed, using the acceleration technique, that thicker dust 
cakes require higher cleaning stresses. Taking the median removal stress or,5o of 
the relatively steep, sigmoidal-shaped cake removal curves they obtained as the 
critical removal stress, a plot of median stress as a function of areal dust loading 
results in the graph shown in Figure 3.2b. The values for median removal stresses 
obtained vary between 30 and 90 N/m^. Morris et a!, interpreted the results for 
the median removal stresses Gr bq as being linearly dependent on areal dust 
loading. The offset value of the straight line gained by a least squares fit of the 
data is, due to the authors, the adhesion of only an infinitesimally thin dust cake 
to the filter medium or a residual dust layer. The increasing cake removal stress 
which it is necessary to apply for removal of cakes with increasing areal cake 
mass is explained by taking fractional cleaning into account, so that each piece of 
cake is also retained by its surrounding cake mass. Based on this consideration , 
Morris et at. developed a semi-empirical model for cake removal in order to explain 
the tendency indicated by the experimental results.
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Assuming that the cake breaks away in fragments of a regular shape and uniform 
size, Morris et al. considered an element within a dust cake deposited on the 
surface of the filter medium (Fig. 5.3a). For each element, removal will occur 
when the total cake retention force is overcome by the applied cleaning force. In 
detail, the cleaning force, i.e. removal force, is required to exceed the tensile 
contribution, normal to the filter surface, of the overall retention plus the shear 
component due to friction around the perimeter of the element.
Ff, : cake removal force 
Fg : retaining shear force
Fy : retaining tensile (adhesive) force
Fig. 5.3a: Element of dust cake deposited on filter medium (Morris et a!.,
1987)
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A force balance over any square element of dimension I gives.
=  4  T I Zc +  cjj 1^  (5.3,1)
Or: Cake removal stress
Gji Retaining tensile stress (tensile strength)
Qr =  (4 Zc/I) T +  G j  (5.3,1
x: Retaining shear stress (shear strength)
Zc‘. Cake thickness
W: Areal cake mass
with: Zc= W / pc
G r =  C W  t  +  Gj  (5.3,111)
Pc: Bulk Cake Density
C: Cohesive effect parameter
Assuming that the element size, cake density and strength remain constant as 
areal cake mass is increased, then a plot of removal stress for the cake element 
considered against areal cake mass will give a linear graph with intercept equal to 
the tensile strength (tensile contribution to the overall retention).
Morris et al. applied the model to the experimental data by taking the critical 
stress for cake removal as the median stress, Or 50. The least squares fit of the 
data presented in Figure 3.2b results in a straight line, the slope of which 
corresponds to the "cohesive effect parameter" multiplied by the cohesive
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strength, (C x), (here 71.6  N/kg). The intercept (here 25.4  N/m^) represents the 
pure tensile cake strength contribution, oj. Using this value for u j the data were 
then reduced to a common basis of areal cake mass of 0 .5  kg/m. The data are 
converted by applying the following equation
o 'rj =  (g r j -Gt) 0  5 / W  +  Gj ( 5 .3 , IV)
where o j = 25,4  N/m^ and W is the initial areal cake density applicable to the 
curve in question. The value of removal stress orj or each point j of the cake 
removal curves is converted to a modified removal stress o 'r j The converted data 
were shown to converge to a single curve which the authors suggest represents a 
characteristic for a given cake and fabric combination.
The model developed and data evaluation presented by Morris et al. are based on 
the assumption that dust loading across the filter surface is constant and cake 
structure, size and tensile as well as shear strength of a cake element remain 
equal with increasing areal cake density. For conversion of the cake removal 
acceleration data into cake removal stresses, i.e. cake retention stresses, the 
additional assumption was made that no other stresses but stresses normal to the 
filter surface are responsible for cake removal. Morris et al. attributed the 
increase in cake removal stress due to an increased areal cake density entirely to 
an enlarged "shear area" at the perimeter of an element of cake to be removed 
from the filter medium. They observed and predicted a very strong, linear 
dependence on cake height and introduced the cohesive effect parameter C as an 
empirical factor of proportionality. Considering the experimental work, an increase 
in dust loading to a value of approximately 10OOg/m^ results in a median cake 
removal stress nearly four times higher than the intercept representing the tensile 
contribution of the overall cake retention, i.e. the tensile strength of a 
homogeneous, infinitesimally thin dust layer with cake mass tending asymptotically 
to zero. In the model introduced, C is a function of cake element geometry and 
cake density and cannot be calculated but must be determined experimentally.
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The model o f Sievert
In order to explain the tendency of the experimental results, Sievert (1988) 
developed a model based on the simultaneous failure of all single particle contacts 
in the plane of fracture. Starting from the observations that the dust cake comes 
off the filter in the form of larger fragments and that separation always occurs at 
the surface of the filter medium, Sievert, like Morris et ai. (1987), considered a 
piece to be removed within its surrounding cake (Fig. 5.3b). Again, removal of 
this cake element occurs when an external force, F r ,  imposed on the cake 
overcomes the retaining forces. These are specifically a retaining tensile force, f j ,  
acting between the cake and the residual dust layer on the medium, and a 
retaining shear force, Fg, acting at the perimeter area of the element. The 
necessary cleaning force for cake removal, F r ,  is dependent on the number of 
contact points which have to be broken as well as on the adhesion acting at these 
points of contact. Sievert assumed a constant average number of contact points 
per particle with an attraction force which is approximately constant. He did not 
distinguish between the contributions of single particle bonds at the filter surface, 
and bonds at the perimeter of the element, to the total retaining force.
E = const.
B
% " F ;  *  Fy
C ake e le m e n t
B
C ro s s -s e c tio n  th ro u g h  cak e  e le m e n t
Fig. 5.3b: Filter element within surrounding cake (Sievert, 1988)
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Based on these considerations a force balance gives:
K° F ,  4- ,12 K° p:, ( 5 . 3 ; , \ / l )
with:
nv number of particles at the surface of the filter in the plane of fracture
0 2 : number of particles within the dust cake which are involved in the process
of fracture at the perimeter of the considered element 
K°: mean number of contact points per particle
Fg: component normal to the filter of the mean attraction force per contact
point
Assuming that the cake consists of spherical particles randomly distributed in size 
and position, the cross-sectional porosity equals the volume porosity (Rumpf et 
a/., 1967). For determining the number of particles involved in the process of 
fracture, it is assumed that fracture will occur along the lines shown in Figure 
5.3b. According to Rumpf et aL (1967), the mean number of particles per unit 
area is:
ri//\ == (6/n) (h/li,o/IVl3,o) ( 1-e:)
G: volume porosity
IVIk,o: integral average value of weighted according to the number frequency
distribution qo(x) for the considered element
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n, =  (6M ) (M i,o /M 3,o) (1 -e ) (71/4) di  ^ (5 .3 ,V III)
n j =  (6 /ti) (M i o/Ms.o) d -e ) (ti djZc) (5 .3 ,IX )
d|: diameter of the round patch
Zc: thickness of cake
In order to determine the number of contacts per particle as a function of the 
porosity, an empirical correlation proposed by Meissner (1964) is used:
K:° == : 2 e x p l:) ./!  ( 1  -s)) (!5 .3 ,)()
Combining Equations (5 .3 ,VIII), (5 .3 ,IX) and (5.3,X) according to (5 .3 ,VI) and 
relating it to the projected area of the cake element considered yields:
(E).3,)(l)
0 R =  (1 2 /ti)  (M i o/IVIso) (1-G) Fa (1 + 4 z c /d i) e x p (2 .4  (1-s))
Sievert observed patch sizes of removed cake around 10 mm in diameter for a 
cake thickness well below 1 mm. Therefore it is evident that according to the 
proposed model the influence of cake thickness on gr is negligible, whereas the 
porosity is of great influence. In order to calculate G r ,  the component of the mean 
attraction force per contact point acting normal to the filter surface, Fg, was 
calculated from the experimentally determined median removal stress for the cake.
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with W = 5 0  g/m^. The resulting value has been 0.31 x 10 ® N. This value is in 
the same order of magnitude which Loftier (1965) determined for single particles 
adhering to fibres which were filtered at low filtration velocities and therefore 
were exposed to low pressing forces. For Equation (5 .3 ,XI) the cake thickness zc 
and the porosity e  were determined experimentally. Figure 5.3c shows the relation 
between an and areal cake mass according to the derived model in comparison to 
the experimental results for the median removal stresses from the acceleration 
experiments with the chemically stiffened filter medium. Additionally the curve for 
the derived equation but with the constant porosity, which was determined for 
the thinnest cake, is shown. This, anolog to the considerations made by Morris et 
a!., yields a straight line.
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Fig. 5.3c: Median removal stress over areal cake mass (Sievert, 1988)
Model and experimental results
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Sievert points out that it is evident from the graph (Fig. 5.3c) that an increase of 
median cake removal stress cannot be explained by an increase in cake thickness 
only. Taking the change in porosity into account, the curve for the derived model 
follows at least qualitatively the experimental results. The results for the 
chemically stiffened filter medium have been presented since the model derived is 
based on the assumption that only tensile stresses are responsible for cake 
removal. This means that no additional shear stresses due to flexing and bending 
of a flexible fabric during cleaning are imposed on the bond between cake and 
residual dust layer on the filter surface. In order to explain the quantitative 
deviation between experiment and theory, Sievert points out that correct 
determination of e, Zq, and K° is difficult. Assuming a structure of the cake 
according to a simple cubic packing would significantly increase calculated 
stresses. A further point of consideration is the effect of compaction load on the 
mean adhesive strength of the particle contact points. Based on calculations 
according to Molerus (1985) forces acting at a point of contact of between 0.7-
5.2 X 10'^ N have been calculated for the different areal cake loadings used. 
Schütz (1979) observed a significant remaining attraction force enhancement for 
limestone particles (xmmd = 49 pm) under compaction loads of above 10^ N.
The model o f Aguiar & Coury
As presented in Section 3.2 Aguiar & Coury (1992) chose the approach of Seville 
et ai. (1989a), which is a modified version of the analysis proposed by Cheung 
(1989,1988, see Section 3.1.), in order to derive a unique value for the cake 
removal stress from their reverse flow cleaning experiments. In addition to the data 
mentioned in Section 3.2, performed using the original as-supplied phosphatic rock 
concentrate, they used classified over size and under-size fractions. For these data 
only the derived cake removal stress according to Seville et ai. (1989a) is given. 
The trend obtained for the effect of representative particle size clearly fits the 
tendency predicted by Rumpf's equation (eqn. 5.2,IV), i.e. the smaller the particles 
the higher the removal stress.
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Aguiar & Coury chose the expression proposed by Capes (1980, eqn. 5.2,V) and 
determined experimentally the required coefficients K", a and p. Since the 
numerical values for a and p were close to unity, they used the original correlation 
of Rumpf (eqn. 5 .2 ,IV) and after recalculation presented an experimentally adapted 
form with
Try == 3X)7!3 1()^ l /^rn
They point out that this value is well within the range expected for a ceramic 
material (Hamaker constant A': 5 x 10'^° J) in an agglomerated state (H: 3 nm).
Hahnheiser
Hahnheiser also presented a model for predicting the cake strength to the filter 
medium based on the expression of Rumpf. However he did not consider an 
element of cake but rather the complete bond between cake and medium. 
Additionally, independent of the proposed model and not incorporated in it, 
Hahnheiser (1970) presented the following model in order to explain a variation in 
detached cake fragment size for different cake loadings obtained from cake 
removal experiments using a centrifuge (Section 3.2).
He considered an element within the deposited cake as did Sievert and Morris. 
However he considered a fracture mechanical process by assuming a crack 
propagation within the plane between medium and cake iniated at a structural 
irregularity, a "flaw", in the interface. Considering a circular crack area of radius r 
propagating radially outwards, the stresses acting on the corresponding cylindrical 
cake element are the normal removal stress, a, acting on the interface of the entire 
cake and the retaining shear stress, x, acting on the circumferential area. These 
stresses correspond to the forces Fr and Fg introduced by Sievert and Morris. The 
adhesive tensile component, Fj, for the cake element, however, is considered to 
have been overcome already in Hahnheiser's approach. Due to the fracture 
mechanical concept used, the practical adhesive strength must be considered to be 
less than the "theoretical strength" as for instance expressed by Rumpf or the 
modified Rumpf concept presented by Sievert. If the applied removal stress
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exceeds the critical stress the crack is initiated and will propagate. For the area 
outside the crack area, the tensile removal stress is still less than the retaining 
tensile stress. Cake element removal will essentially occur when the acting 
removal force, Fr , overcomes the retaining shear force, Fg:
(5 .3 ,X II)
a Ap =  T Ac ( 5 . 3 , X I I I )
with
Ap =  71 (projected cake element area)
Ac =  2 7t fj Zc (circumferential area)
resulting in
(,/T == /\c //\p  (!5 .3 ,)(l\/)
g / x  =  2  Z c / r j  ( 5 . 3 , X V )
This expression defines the geometry of the cake element to be removed as a 
function of cake thickness and the ratio of the applied critical tensile removal 
stress and the shear strength of the cake.
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The work o f Xu
Xu (Xu (1994) and Xu et a!. (1994), see also Li (1993) and Li & Chambers (1995)), 
in connection with their experimental work on cleaning performance of 
mechanically shaken bag filters, attributed the dislodgement of the dust cake to 
fatigue failure or progressive fracture due to repetitive cleaning. In the current 
work the influence of fracture mechanical properties of the cake are considered to 
be relevant already in the one shot-type pulse cleaning situation. The combining 
element of the two interpretations is that the governing factors controlling cake 
dislodgement from the surface of barrier filters are the characteristics of (inherent) 
"flaws" where cracks are initiated and the propagation of those cracks.
5 .4  Discussion and synthesis with own experimental work
One approach to quantitative modelling is based on the classic model of Rumpf 
(1970), who proposed that the tensile strength of a particle compact, such as a 
filter cake or an agglomerate, is obtained by summing the strengths of all the 
particle-particle contacts which must be broken across a surface in the compact. 
However, it is exactly the correct estimation of the number of interparticle - 
active, i.e. loadbearing - contacts in the plane of fracture as well as the 
corresponding attraction forces which makes realistic prediction difficult. The 
Rumpf analysis assumes that all the particle-particle contacts break 
simultaneously across the failure surface. However, recent work on particle 
agglomerates {e.g. Kendall et ai. (1986 ), Mullier et ai. (1987)) has shown that 
failure is really a process of brittle-elastic fracture in which cracks propagate from 
zones of weakness or "flaws", rather than by simultaneous failure of all contacts 
across the surface. Thus, the practical strength of an agglomerate must be 
considered to be less than the "theoretical" tensile strength assumed with the 
Rumpf analysis. The "reduced" strength of the material according to Irwin (1957) 
is characterised by the stress intensity factor so that the apparent failure stress is 
a function of the (inherent) flaw size at which the crack is expected to be
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initiated. Unfortunately, the experimental data currently available do not provide a 
clear justification for either theory and nor do they show how the proportion of 
"active" contacts can be predicted. At present it is therefore necessary to 
measure cake removal stresses for dust cakes on filter surfaces directly. Because 
Y depends on dust surface composition, while e and the proportion of active 
contacts depend on the conditions under which the cake is deposited, the 
measurements must again be made under conditions as close as possible to those 
in the real application.
The model considerations concerning dust cake strength of Hahnheiser (1970), 
Morris et a!. (1987), Sievert (1988) and Aguiar & Coury (1992), are essentially all 
based on the approach of Rumpf. Hahnheiser and Aguiar & Coury consider the 
tensile strength of the complete cake to the filter medium while Sievert and Morris 
et at. aimed at taking a retaining shear contribution of the surrounding cake into 
account. Both Morris et aL and Sievert assumed a constant cake element size 
independent of cake loading and hence cake thickness for their model calculation. 
Sievert attributed the increase in cake/medium strength to a decreased cake 
porosity due to a higher compression at the end of the filtration cycle and 
concluded that the retaining shear contribution to the overall strength can be 
neglected. He based this finding on the observation that the commonly-observed 
cake patch size removed was in the order of 1 0  mm, while the thickness of the 
cake was found to be around 1 mm at the most. In contrast to Sievert, Morris et 
aL determined a strong dependence of cake removal stress on cake height and 
hence shear strength of the cake.
Sievert did not quantify the relation between cake thickness and the resulting 
patch size during removal. However he clearly stated an increasing average cake 
patch size with increasing dust loading. The experimental investigations 
undertaken in the frame of this work appear to show a linear relation between 
patch size and cake height (Section 4.4). However, again it is pointed out that 
these measurements in particular are subject to many errors. Using the proposed 
relation between patch size and cake thickness presented by Hahnheiser (eqn.
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5.3 ,XV) the experimental results can be satisfactorily interpreted. To a first 
approximation the corresponding removal stress obtained from the experiments 
using centrifugal acceleration was taken to be constant, i.e. independent of cake 
loading. Additionally, the shear strength was also considered to be independent of 
cake thickness. This seems to be reasonable, since the resistance to flow  of the 
cake was found to increase linearily with cake loading and hence, cake thickness 
(Fig. 4.6b). Cake resistance in turn corresponds to cake porosity, which again is 
considered to determine the number of particle contacts per unit (fracture) area. 
Based on these considerations the ratio of or and %c is considered to be constant. 
Consequently, the relation between cake thickness and cake patch size is expected 
to be linear according to the thinking presented by Hahnheiser (1970) (eqn.
5 .3 ,XV). Crack initiation will occur at the same stress level and the patch size will 
adjust itself correspondingly to cake thickness.
In conclusion, one can say that the fact that patch size increases with cake loading 
already gives evidence of the relevance of the shear component in cake removal 
performance of dust cakes. However, it must be noted that even at a high degree 
of percentage cleaning required removal stresses tend to increase further although 
the fraction of surrounding cake evidently decreased. This suggests that for a 
higher percentage cleaning the determining tensile strength must be seen in the 
adhesive contribution. Consequently one may say that the distribution of local 
adhesive stresses must be wider the higher the influence of the shear strength is 
assumed, as for instance in Morris's analysis.
Due to the fundamental objections to the various models reviewed, which are 
ultimately of a semi-empirical nature, since experimental values of the actual 
removal experiment are needed for fitting the required coefficients, it will not be 
attempted here to present a new model. The idea is rather to show and to discuss 
the influence of the effect of a variation in removed cake patch size on the 
"Rumpf-type" models previously proposed. These are all, as is the original 
approach of Rumpf, based on a force balance. Since Sievert (1988) tried to model 
the retaining effect of the surrounding cake on an element of cake to be removed 
his approach (eqn. 5 .3 ,XI) may be taken here for discussion. Additionally, the 
above mentioned fracture mechanics analysis of the problem of "blistering" in the
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adhesion of coatings to surfaces (e.g. Williams & Anderson, 1977) will be applied 
here to the cake detachment situation. In contrast to the Rumpf-type approach 
the "blister" analysis is based on an energy balance.
In order to take into account the retaining shear contribution acting at the 
periphery of a cake element within the dust cake, Sievert used an earlier 
expression of Rumpf et a!. (1967) (Equation 5 .3 ,VII), so that the number of 
particles in the fracture surfaces involved can be calculated. In contrast to the 
original expression of Rumpf, which was derived for a uniform particle size, Sievert 
thus takes the actual particle size distribution into account. Additionally, instead of 
using the correlation of Smith et a!. (1929) for estimation of the mean coordination 
number of a particle in an assembly Sievert used an expression of Meissner 
(1964).
Incorporating the experimental finding for the linear relation between cake 
thickness and patch size presented in the current work, the removal stress, or, 
according to Sievert becomes a constant for a constant e . The experimental 
data give evidence that the resistance and hence e appears to be independent of 
cake loading (Fig. 4.6b). Estimating the corresponding cake porosity, e , using the 
Carman-Kozeny equation (Loffler & Raasch, 1992) resulted in a value of around 
60% . The experimentally determined relation between cake loading and 
corresponding cake patch diameter may be determined to be roughly
dj(w)/W = 0.02 mm/ (g/m^) (5.4,1)
Assuming a cake height per areal cake mass of
Zc/W = 10'^ mm/(g/m^) (5.4,11)
which is close to the data given by Sievert (1988), the resulting relationship 
between cake patch diameter and cake thickness is
'i(zc) 20 Zc (5.4,111)
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Maintaining the ratio of Mi q/M3 ,o of the calcium carbonate used by Sievert, the 
remaining equation is
(5 .4 ,IV )
a p =  (12/ix) (M i,o /M 3,o) ( 1 -0 .6 )  F, (1 + 4 z c /(2 0  Zc)) e x p (2 .4  (1 -0 .6 ))
which, with the data given by Sievert (1988)
M,.o: 2 . 2 x 1 0 ® m
M 3 0 : 4 6 . 3 6  X  1 0  ' ®
F.: 0.31 X  10 ® N
results for a cake porosity, e, of 60% in a removal stress of around 700 Pa. Figure 
5 .4 a shows the derived value in comparison with the experimental data
obtained for cake removal by acceleration. In addition, the corresponding values 
calculated with cake porosities of 70%  and 50% have been incorporated. The 
good qualitative agreement with the experimental data presented earlier is believed 
to be due to the fact that the crucial value for the average interparticle force has 
been derived from the median cake removal stress obtained by Sievert from the 
experiment using the 50g/m^ cake. It therefore incorporates factors which lead to a 
reduction in cake strength compared with the theoretical strength.
Application of the expression for the critical pressure applied to an adhesive 
coating (eqn's. 5 .2 ,XXI & XXII) results in an interesting prediction of the required 
stress for initiating blistering based on fracture mechanical properties of the cake. 
Insertion of the experimentally-obtained relation between patch size as a function 
of cake loading and hence thickness gives
P„ (5 .4 ,V )
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Per =  ( K ' ya° ®)/(20 Zc)^ (5 .4 ,V I )
where
K' =  ( (5 12  Ec Z c®) / ( 3  ( 1 - vc^ ) ) ) ° ®  (5 .4 ,VI I )
Ya: adhesive fracture energy of the cake to the medium
r|: patch radius
Zc: cake thickness
Ec: elastic modulus of the cake
Vc: Poisson's ratio for the cake
Taking values for Ec and Ya deduced from deformation and fracture experiments 
performed on dust compacts (calcium carbonate) of porosity e  of 58 % (Abdel- 
Ghani et a/., 1991)* and an approximate value for vc of 0.3 yields a value of Per of 
order 1 kPa, which, especially for cake loadings above 500 g/m^, shows good 
agreement with the cake removal data obtained by centrifugal acceleration and the 
"Burst pressure" test (Fig. 5.4a).
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Fig. 5.4a Comparison of experimental results with model predictions
according to Equation (5.4 ,VI) (derived from the model of Sievert 
(1988)) and Equation (5 .4 ,IV) (fracture mechanics analysis of the 
problem of "blistering" of adhesive coatings to surfaces ( e.g. 
Williams and Anderson, 1977)
Relevant properties on calcium carbonate dust compacts deduced from 
deformation and fracture experiments performed on dust compacts (Abdel 
Ghani ef a/., 1991):
XwwwD: <: 4  linn
G: 5 8 %
Ec: approximately 8  MPa
Vc: 0.3
Ya: approximately 2.5 x 10  ^J/m^
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6 Summarising discussion and conclusions
Cleanable surface filters are used for removing dust particles from gases in a wide 
range of chemical and process industries. Stimulated by the development of advanced 
power plant technologies, rigid ceramic filter media for high temperature applications 
have become available in recent years. The important issues to be addressed in 
specification and operation of ceramic filters at high temperatures are the long term 
conditioning behaviour and the filter "cleanability". These two aspects of filtration 
behaviour are inextricably linked and, at the present state of knowledge, very much 
system-specific, so that experimental work using the dust of interest is essential.
As a basis for designing the necessary cleaning action for surface filters, several 
methods are available for characterising filter cleanability for a given combination of 
dust and filtration parameters. Most of the experimental work available in the 
literature was performed using coupon scale tests, uncoupling filtration and cleaning 
performance from any particular shape and design of the filter element. The different 
approaches used, in essence, are either based on reverse flow cleaning or on inducing 
a mechanical or centrifugal acceleration on the cake. Qualitative comparison of 
experimental data available from the literature obtained for these different cleaning 
methods had shown conflicting results. Quantitative comparison of experimental 
results in terms of necessary cake removal stress had not yet been achieved.
The present work is concerned with characterising regeneration of a rigid ceramic 
filter medium using a coupon test method designed to measure both conditioning and 
cake removal behaviour at ambient conditions. Coupon filter tests have been 
performed in which a low-density fibrous ceramic medium has been used to filter 
calcium carbonate dusts, and the conditioning behaviour and cake removal stress 
distributions have been measured over a range of particle size and "cake loadings", 
the cake mass per unit area of filtration medium.
In order to prepare conditioned filter coupons for the removal tests, 120 -300  
filtration and cleaning cycles were carried out using a fine calcium carbonate as test 
dust (mass median diameter: 2 .0  pm). In addition, classified under-size and over size 
fractions with mass median diameters of 1.8, and 3 .5  pm respectively have been
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used. In order to optimise the applied cleaning action beforehand the effect of a 
gradually decreased differential cleaning pulse pressure was investigated for the 
original distribution only. The results showed that not only the residual pressure loss 
curve characterises conditioning performance but the maximum pressure loss curve 
must also be considered, the relative increase of which with decreasing cleaning 
action cannot be explained by the corresponding increase in residual pressure loss. 
The change of residual pressure loss for the above mentioned range of filtration 
cycles using the three fractions was found to be similar.
Using reverse flow cleaning, the effect of a variation in cake loading, the conditioning 
history of the filter coupon and the influence of a variation in mean particle size and 
particle size distribution has been investigated. In general, the cake removal stress 
was found to decrease strongly as the cake areal mass increases to medium-sized 
cake loadings, and less strongly thereafter. In contrast to most of the experimental 
work presented in relevant publications, the experiments were performed using 
conditioned filter coupons in order to simulate conditions closer to the real 
application. Despite this principal difference, the same general trend as presented in 
the reviewed literature for the reverse flow cleaning experiments was found. These 
are in particular, as presented by Sievert (1988) and Aguiar & Coury (1992), a 
decreasing reverse flow rate necessary for removal of cakes with an increased cake 
loading, and a decreasing corresponding overall differential pressure. As presented by 
Aguiar & Coury as well as by Hahnheiser (1970), an increase in mean challenging 
dust particle size resulted in a reduced necessary cleaning action, i.e. removal stress. 
In addition, as a result of the work presented here, it was found that decreased 
cleaning conditions during filter medium conditioning, i.e. a reduced cleaning pulse 
intensity, resulted in an increase of cleaning action necessary for effective cake 
removal.
Cake removal stresses were also measured using centrifugal acceleration; the results 
are consistently lower than those for the reverse flow test and nearly independent of 
cake loading. If the cake detachment stress under reverse flow conditions is taken at 
the first point of significant cake removal, (the "burst pressure"), the resulting values 
are in good agreement with median detachment stresses obtained by acceleration. It 
is likely that cake removal by reverse flow is influenced by "hinging" of cake patches, 
which remain loosely attached to the surface after their apparent detachment stress
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has been overcome. While the acceleration and burst pressure tests may give a truer 
representation of the intrinsic cake adhesion to the filter, the reverse flow test 
remains the most appropriate for estimation of the cleaning flow requirement.
At cleaning pressures which are typical of industrial practice, cake detachment occurs 
by patch separation. A fracture mechanics interpretation of this phenomenon is 
advanced, where crack propagation is considered to be initiated at structural 
irregularities ("flaws") in the interface of medium and cake. For the cake removal 
experiments using centrifugal acceleration the relationship between representative 
patch diameter and corresponding cake loading was found to increase linearly. 
Insertion of this experimental finding into model predictions based on a force balance 
as well as on an energy balance gave results in the same order of magnitude as the 
experimental results for the required cake removal stress.
For future work it is recommended to investigate in particular the structure of cake 
and medium in order to be able to characterise especially the interface between cake 
and medium where crack intiation is expected to occur. The technique developed by 
Schmidt (1991) which enables embedding of the medium and the intact cake is 
considered to be the appropriate tool. The resulting understanding can then be used 
for further developing quantitative models based on fracture mechanics theory aiming 
at predicting the necessary stress for effective cake removal.
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( - )
acceleration (imposed onto the cake) 
median cake removal acceleration
surface crack length (in a solid body under tensile stress) 
filter area
circumferential area of a cylindrically-shaped piece of cake 
projected area of a cylindrically-shaped piece of cake 
fracture surface area 
Hamaker constant
dimension (thickness of semi-infinite elastic plate) 
set (volume) dust concentration in the gas flow 
cohesive effect parameter, according to Morris et. at. (1987) 
flow resistance parameter acc. to cake removal stress concept 
(eqn. 3 .1 .VII, ratio of cake resistance/ combined resistance of 
cake & medium)
acceleration conversion constant (a = Ca(a/W); Cg = 1 ) 
reverse flow conversion constant (U = Cr(a/W); Cr = pc/(rc  rj)) 
diameter
diameter of the projected area of a piece of dust cake to be 
removed
nominal valve diameter 
flexural rigidity (eqn. 5 .2 ,XVIII)
Young's modulus of a solid or particulate material
Young's modulus of the cake
fraction of dust cake removed from the filter
fraction (by weight) of dust cake removed from the filter
apparent fraction of dust cake removed calculated from the
measured resistance to flow at each cleaning step (eqn. 4.3.3,V)
function of porosity s (eqn's. 5.2,l&ll)
dimensionless (fracture mechanics) parameter which depends on
the geometry of a specimen and its inherent crack
force
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Fa (N) particle adhesive or cohesive force (interparticle force at each
particle-particle contact)
Fa' (N) particle adhesive force with deformed contact area of radius r'
Fr (N) cake removal force, i.e. critical cleaning force
Fg (N) (cake) retaining shear force
Fj (N) (cake) retaining tensile (adhesive) force
g (m/s^) gravitational acceleration
G (J/m^) strain energy release rate
Gc (J/m^) critical strain energy release rate (critical value for crack
propagation)
h (m) plate or sheet thickness (of an adhesive coating to a substrate)
h (m) cake element height in Fig. 5.3b (Sievert 1988)
H (m) distance between the surfaces of two attracting bodies
Ho (m) minimum distance between the surfaces two attracting bodies,
resulting in maximum attraction force 
i ( - ) number of cleaning step during a cake removal experiment
k function of the material properties of the contacting surfaces (on
impact between particle and particle or particle and filter medium 
fibre)
K° ( - ) mean number of contact points per particle
K" experimental parameter (eqn. 5.2,V)
K (Nm *^ ^^ *) stress intensity factor
Kc (Nm‘*^ ^^ *) critical stress intensity factor
K' parameter ("blister" analysis, eqn. 5 .2 ,XXII and eqn. 5 .4 ,VII)
I (m) length dimension
L (m) dimension (width of semi-infinite elastic plate)
m (kg) mass
me (kg) cake mass
mc,o (kg) initially deposited mass of cake (on the filter medium)
mc,i (kg) mass of cake remaining after cleaning step i
mM,cond. (kg) mass of filter, conditioned and cleaned
n\j (kg) total mass of conditioned and cleaned filter plus mass of initially
deposited cake
Mk o (m"") integral average value of x"" weighted according to the number
frequency distribution
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Ha (m'^) number contact density in a powder compact, i.e. the number of 
particle-particle contacts across a surface through the compact
Hi ( - ) number of particles in the plane of fracture
Ncycles ( - ) number of filtration cycles (filtration period with subsequent 
cleaning)
P (Pa) static pressure in the gas
Ppp (Pa) pressure pulse amplitude (peak) during pulse cleaning (also Ppuise)
Ap (Pa) pressure difference
ApT (Pa) total pressure difference across the filter (filtration or reverse 
flow)
A P t ,50 (Pa) total pressure difference across the - partially cleaned - filter 
during reverse flow cleaning corresponding to 50 % percentage 
cleaning
ApT.cr (Pa) total pressure difference across the filter during reverse flow 
cleaning which leads to (ideal, complete) cake removal
APM (Pa) total pressure difference across the medium (filtration or reverse 
flow)
Apc (Pa) pressure difference across the cake (filtration or reverse flow; 
also APcake^
Apc.cr (Pa) critical pressure difference across the cake during reverse flow 
cleaning which leads to (ideal, complete) cake removal
ôp/ôz differential change in pressure in z-direction
Po (Pa) pressure applied to a sheet on a substrate
Per (Pa) critical pressure applied to a sheet on a substrate initiating 
"blistering"
q (C) particle charge
Qoix) number frequency distribution
Q (m^/s) (candle) clean side gas flow (Fig. 2.1)
Q (m^/s) reverse flow (Fig. 3 . Id)
To (m) distance between rotation axis of the centrifuge and radial cake 
position
rp (m) particle radius
r (m) patch or blister radius
Ti (m) end patch or blister radius
r' (m) radius of particle contact area
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Vrev (m^/s)
V 5 0 (m^/s)
Vy (m^/s)
Vi (m^/s)
V 2 (m^/s)
Vcompr. (m^/s)
V ’l (m^)
V 'p (m^)
w (m)
specific Darcy's equation resistance to flow of the cake 
specific Darcy's equation resistance to flow of the filter medium 
absolute Darcy's equation resistance to flow 
i) modified absolute Darcy's equation resistance to flow (see eqn.
3 .1 ,VI)
i) resistance of (partially cleaned) filter medium at cleaning step i
Reynolds number (see eqn. 2.1,111)
saturation degree (ratio of the liquid-filled pore volume and the 
entire pore volume of a porous system) 
pressure pulse duration during pulse cleaning (also tpuise) 
velocity (of a particle)
filter face velocity, (superficial or mean velocity in the duct) 
median cleaning gas velocity (at 50% cake removal) 
critical cleaning gas velocity (for ideal, i.e. complete cake 
removal)
energy required to separate two particles
total energy released due to formation of a crack in a body under 
tensile stress
stored energy ("blister" analysis, eqn. 5 .2 ,XIX) 
flow rate (through filter) 
reverse flow rate
median cleaning gas flow rate (at 50% cake removal) 
total gas flow rate approaching the filter
gas flow rate passing through the non-cleaned area of the filter, 
i.e. medium and cake
fraction of total gas flow rate passing through the cleaned area 
of the filter, i.e. medium only
flow rate used for measuring the overal resistance to flow of the 
(partially) cleaned filter. The flow is applied in the filtration 
direction
volume of liquid in a porous system 
entire pore volume of a porous system 
displacement of "blister" centre from supporting substrate 
W (kg/m^) cake loading or "areal" cake mass, i.e. cake mass per unit area
of filtration medium
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X (m) particle diameter
X(MMD) (m) mass median particle diameter
Y ( - ) dimensionless (fracture mechanics) parameter ( Y  =  ti°'® f(a/w))
Zc (m) cake thickness
ZlV, (m) medium thickness
Greek
a ( -  ) experimental parameter (eqn. 5.2,V)
a ' (m) (particle) asperity radius
P ( -  ) experimental parameter (eqn. 5.2,V)
Y surface energy (of a particle)
y ' (J/m^) surface free energy of a material
Yp' additional plastic energy dissipation term
y* (J/m^) fracture surface energy of a powder compact
Ya (J/m^) adhesion energy or adhesive fracture energy of the cake to the 
medium
8 ( - ) porosity
Go (C/Vm) permittivity in vacuum (8.85 x 10’^^  C/Vm)
T| (Pa s) dynamic gas viscosity
V ( - ) Poisson's ratio
V c ( - ) Poisson s ratio of the cake
p (kg/m^) (gas) density
Pc (kg/m^) bulk cake density
0 (Pa) stress
(:c (Pa) tensile stress acting upon cake at interface cake/medium
(^f (Pa) fracture stress
(^9 (Pa) tensile stress acting upon cake due to gravitational acceleration 
(Og =  W  g)
GR (Pa) cake removal stress
G 5O (Pa) median cake removal stress (50% by weight of initially
deposited cake removed; also Op 5 0 )
cake removal stress for each point j of a cake removal curve
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(Pa)
(Pa)
O y (Pa)
X (Pa)
CO (1/s)
modified cake removal stress for each point j of a cake removal 
curve
cake retaining tensile stress, tensile cake strength 
material yield stress
cake retaining shear stress, cake shear strength 
angular frequency of centrifuge
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